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I. PURPOSE.

The purpose of this investigation is to study the effects of gas

collisions on the Doppler width of microwave spectral lines and to

utilize optical pumping to reduce exchange collision broadening and to

increase signal power for use in atomic frequency standards. The possi-

bility of the use of an atomic oscillator employing atomic amplification

is also to be investigated.

II. ABSTRACT.

A new method of optical detection of the mF = 04-+mF = 0, LF = 1

ground state magnetic hyperfine transition in alkali atoms, which is

important for atomic frequency standards because of its first order in-

dependence of an external magnetic field, has been investigated theoret-

ically and experimentally demonstrated for rubidium 87. After orientation

by optical pumping, a quantum mechanical superposition state is produced

by a 900 rf pulse. A phase change between mF = 0 state and its partner

states of the same F value is caused by a microwave field at - 6835 Mc/sec

coupling the two mF = 0 states. This phase change is converted into a

population change by a second rf pulse to yield a large change in the

resonance scattering of the optical pumping light, on the order of that

obtained by reversal of the orientation of the vapor.

Other methods of optical detection of this resonance were studied

theoretically and are discussed: selective hyperfine absorption within

the gas cell; a rubidium 85 gas cell hyperfine filter; and a polarization

bridge.

Wall coatings for the inhibition of spin relaxation in confined

oriented vapors were studied experimentally. It was demonstrated that

treatment of glass surfaces with alkylchlorosilane vapors provides coatings

at least as effective as long chain saturated hydrocarbon waxes with the
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added advantages of ease of application and the ability to withstand

baking under vacuum at -3500 C without deterioration. The 04 0 hyper-

fine resonance in such coated cells exhibited a reduced Doppler width

(because of the confinement of the atoms) of the same order as that pro-

duced by a buffer gas, and displayed a negative frequency shift of a few

kc/sec.

Other subjects investigated included spin echo methods applied to

oriented vapors; optical pumping with pulsed light sources; the general

theory of optical pumping and detection; and digital computer solutions
+

of the optical pumping equations for T- D2 light and partial excited

state relaxation.

III. PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES.

The final report on the microwave detection phase of this contract

was distributed in 1957 (see reference 1 of the present report). Pub-

lications and talks associated with that phase of the contract are in-

cluded in the following list.

Publications

T. R. Carver, "Rubidium Oscillator Experiments", Proceedings of the llth

Annual Symposium on Frequency Control, May, 1957.

"Theoretical Limits of Atomic Frequency Control", Proceed-

ings of the 12th Annual Symposium on Frequency Control,

May, 1958.

"The Use of Optical Pumping to Enhance Microwave Detection

of Doppler Reduced Hyperfine Lines in Rb87 ",, Proceedings

of the Ann Arbpr Conferences on Optical Pumping, June, 1959.
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R. H. Dicke, "Time Scales in the Structure of the Universe", Proceedings

of the 13th Annual Symposium on Frequency Control, May, 1959.

C. 0. Alley, "Triple Resonance Method to Achieve Narrow and Strong Spectral

Lines", Proceedings of the 13th Annual Symposium on Frequency

Control, May, 1959.

, "Pulse Techniques in the Optical Detection of Ground State

Resonances in Rubidium 87", Proceedings of the Ann Arbor

Conference on Optical Pumping, June, 1959.

R. H. Dicke, "New Possibilities for Fundamental Experiments and Techniques",

Quantum Electronics, Edited by C. H. Townes (Columbia University

Press, New York, 1960).

C. 0. Alley, "Coherent Pulse Techniques in the Optical Detection of the 01-*0

Ground State Hyperfine Resonance in Rubidium 87", Quantum

Electronics, edited by C. H. Townes (Columbia University Press,

New York, 1960).

R. H. Dicke, "Is the Fine Structure Constant Invariant?", Proceedings of the

14th Annual Symposium on Frequency Control, May, 1960.

C. 0. Alley, "Wall Coatings of Alkylchlorosilanes for the Inhibition of

Spin Relaxation", Advances in Quantum Electronics, edited by

J. R. Singer (Columbia University Press, New York, 1961).

Publication of the material in this report as several separate papers is

anticipated.

Lectures

All of the above papers were first given as talks at the symposi , and

conferences cited.

Additional talks which were not published are given below.

T. R. Carver, "Rubidium Gas Cell Experiments", Proceedings of the 10th

Annual Symposium on Frequency Control, May, 1957.
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T, R. Carver, "Use of Optical Orientation in Gas Cell Atomic Standards",

invited paper at the Winter Meeting on the West Coast of

The American Physical Society, December, 1957 (Bull. Am.

Phys. Soc. 2, No. 8, 1957).

R. H. Dicke, "Optical Pumping", invited talk at the meeting of the National

Academy of Sciences, April, 1958.

T. R. Carver, "Use of Optical Orientation for Atomic Clocks and Frequency

Standards", Colloque Internationaux de C.N.R.S. Sur la

Resonance Magnetique, Paris, July, 1958.

C. 0. Alley, "Optical Pumping, Atomic Clocks, and Coherent Pulse Techniques",

Physics Colloquium of the University of Pennsylvania, November,

1959.

, lectures on optical pumping in Physics 572, Princeton University,

Selected Topics in Experimental Physics, March, 1960.

, "Optical Pumping, Atomic Clocks, and Coherent Pulse Techniques",

Raytheon Research Laboratory, March, 1960.

, "Optical Pumping, Atomic Clocks, and Coherent Pulse Techniques",

Talk given to Physics Colloquium at the University of Maryland,

May, 1960.

, "Optical Pumping and Atomic Clocks", special Physics Colloquium

at the University of Michigan, May, 1960.

, "Optical Pumping" seminar at the Institute of Optics, University

of Rochester, May, 1960.

Reports

R. H. Dicke, T. R. Carver, C. 0. Alley, and N. S. Vander Ven, Final Report on

the Microwave Detection Phase of the present contract, December, 1957 (see

reference 1 of this report).
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Conferences

In addition to the conferences represented by the above papers and talks

the Conference on Microwave Spectroscopy at Duke University in November, 1957

was attended by C. 0. Alley who gave a brief report on the microwave detection

phase of this contract.

IV. FACTUAL DATA
(Sections I through IV of the following part of the report)

V. OVWALL CONCLUSIONS
(Sections V A through V E of the following part of the report)

VI. RECOMMENDATIONS
(Section V F of the following part of the report)
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I. INTRODUCTION 
I-1

Optical detection of resonances among magnetic substates of

the ground states of atoms whose thermal equilibrium populations have

been altered by the transfer of angular momentum from a polarized

beam of light--optical pumping--yields strong signals for transitions

among Zeeman states and for all hyperfine transitions except for the

magnetic field independent one (m = 0 +4 m = 0) which is important
F F

f~or atomic clocks. A new method of optically detecting this trans-

ition with signals comparable to the others has been developed.

After orientation of the atoms by optical pumping, an oscil-

latory radio frequency magnetic field pulse at the Larmor frequency

is used to introduce phase relations among the magnetic substates.

A phase change between the mF = 0 states and the partner states of

the same F value is produced by coupling the m. = 0 states by a

microwave field. This phase change is converted into a population

change by a second rf pulse, coherent with the first but of opposite

phase, yielding a large change in optical absorption.

This is the main result of the research to be described. How-

ever as by products of this research was done on spin echo methods

in an oriented vapor, including Carr-Purcell Techniques; on wall

coatings for the inhibition of spin relaxation; on optical pumping

with pulsed light sources; and on the theory of optical pumping and

optical detection.
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A. Motivation of the Investigation

Successful detection of the collision narrowed field in-

dependent (2,0)E<-#(1,0) hyperfine transition in the ground state of

rubidium 87 by T.R. Carver (1) using sensitive microwave techniques

combined with optical pumping of rubidium vapor in a buffer gas cell

provided the immediate basis for this investigation. These researches

were based in turn on earlier measurements of the ground state hyper-

fine splitting in atomic hydrogen by J.P. Wittke (2) which first dem-

onstrated experimentally the technique of reduction of Doppler width

by collisions with buffer gas atoms proposed by Prof. R.H. Dicke.(3)

The work on microwave detection in rubidium also profited from work

on the detection of microwave molecular resonances using coherent plus

techniques by R.H. Romer, (4) from studies of optical pumping by W.B.

Hawkins, (5) and from an investigation of the effect of a buffer gas

on optical pumping by P.L. Bender. (6) Related work done at locations

other than Princeton will be discussed below.

Optical detection seemed to afford a simpler means of mon-

itoring the frequency dependence of microwave absorption in rubidium

vapor and had indeed been considered briefly by Dicke and Carver be-

fore the microwave work was started. An advantage beyond that of ex-

perimental simplicity is that one detects a transition involving micro-

wave photons of - 3 x 10- 5 ev energy by the use of optical photons of

- 1 ev energy, with a consequent improvement in signal to noise

considerations.
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A more general underlying motivation for research on atomic

frequency standards has been the desire to develop them to a precision

that will enable their use in experimental investigations of gravitati-

onal and cosmological questions.

B. Survey of Important Developments in Optical Puming

and Optical Detection of Resonances

There were two independent paths leading to the orient-

ation or alignment of atoms in their ground states by the absorption

and subsequent emission of polarized optical resonance radiation--

the technique that has become known as ';optical pumping". One ap-

proach originated with the attempts of Prof. R.H. Dicke at Prince-

ton to obtain polarized free electrons.(7) A polarized first ex-

cited state in sodium was obtained by irradiating the sodium vapor

with circularly polarized resonance radiation. While in the excited

state the polarized electron was detached from the sodium atom by

ultra-violet ionizing radiation in a manner preserving the spin state.

Although the measurement of the magnetic moment of these oriented

free electrons was not successful, the idea of obtaining ground state

orientation was suggested by the work. Experiments to demonstrate

this were carried out by W.B. Hawkins(5)using a sodium beam. The

degree of orientation was determined by studying the change in the

ratio of 0 to Tr linear polarizations in the resonance radiation

scattered at 900. The use of an inert buffer gas to keep the sodium

atoms in the illuminated region for longer times, allowing the ab-

sorption of more photons, and thereby enhancing considerably the

degree of orientation achieve was explored by P.L. Bender. 
(6)
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The other route to optical pumping began with the suggestion(Sa)

by Prof. F.L. Bitter of MIT and discussion(Sb) by Prof. A. Kastler and

J. Brossel of The University of Paris that magnetic resonances in opti-

cally excited states of gases could be observed by selectively populat-

ing the magnetic substates by the absorption of polarized radiation

and observing the change in the polarization of the light emitted when

the magnetic substates are mixed by the action of an oscillatini jta -

netic field. This technique, which was christened "double resonance.

suggested to Prof. Kastler the possibility of crienting atoms in their

ground states by the method described above.(8c) It was he who named

the technique 'Le pompage optique." An unsuccessful first attempt to

demonstrate this orientation was made by J. Brossel when visiting at

MIT. A successful demonstration was carried out in Paris by J. Winter

and B. Cagnac (9) using a long beam of sodium atoms, illuminated aloii;

their path by several sodium lamps, about the same time as Hawkins'

demonstration, the orientation being observed by the change in the

ratio of orthogonal polarizations in the scattered light from a prob-

ing polarized beam. Studies of the use of buffer gases to enhance

the orientation and to enable the production of orientation in sealed
(10)

cells were explored at Paris by C. Cohen-Tannoudji. The observation

of Zeeman resonances in the ground state of oriented or aligned vapors

by monitoring the change of the ratio of polarizations of scattered

light was accomplished by J. Blamont, J.P. Barrat, J. Winter and others

of the Paris group,(11) and included multiple quantum transitions.

An important advance was made by Prof. H.G. Dehmelt (12) of

the University of dashington who pointed out that ground state reso-

nances in oriented alkali vapor could be observed by the change in the
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intensity of transmitted or scattered circularly polariz61 resonance* ~2 2

radiation if the peak intensities of the Dl ( S - 2p, )

2 2
and D2 : ( 2S > P3 /2 ) lines were different. The

ratio of these peak intensities is very nearly unity, as had been

measured by Hawkins (13)for typical discharge conditions, and most

workers had assumed the ratio to be unity when computing orienta-

tions from observations on scattering. It was experimentally dem-

onstrated by Dehmelt that large signals could be obtained for only

small departures from unity of the D1/D2 peak intensity ratio, and

that such departures could be achieved by the passage of the radi-

ation through the vapor, since the absorption cross-section for D2

is twice that for DI . The use of filters to suppress one of the D

lines is thus desirable, as was emphasized by W. Franzen and A.G.

Emslie. (I) Another consequence of unequal peak intensities of the

two D lines is that an assemblage of oriented atoms precessing at

the [armor frequency in a magnetic field will modulate a beam of

circularly polarized light at this frequency. This was also pointed

out by Dehmelt and the idea as experimentally developed by W.E. Bell

and Arnold Bloom (15) forms the basis of an excellent magnetometer.

C. Problems Associated with the Optical Detection of the

(2.0)4--LiL01 Hyperfine Transition

An examination of the theoretical transition probabilities

associated with electronic dipole transitions between the (F, mF )

hyperfine states of the 2S ground state and those of the 2 and

2p3/2 first excited states in an alkali atom, neglecting such small

effects as configuration mixing (see Section II A 3 and Appendix D,

for details, and also Figures 1 and 2) reveals that the absorption
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cross section is the same for the (2,0) as for the(1,0) hyperfine

state. (It is assumed here that the nucleus has spin 3/2 as is the

case for rubidium 87. Similar conclusions hold for any alkali nucleus

having half integral spin.) If the peak intensities of the corre-

sponding hyperfine lines in the incident optical radiation are equal,

as is the case for the radiation from broadened electrical discharge

light sources, (see Section III, paragraph A) there will be no ob-

servable light scattering effects if the relative populations of

the two states are altered by an appropriate microwave electromag-

netic field coupling the two states. This uniform absorption prob-

ability exists for the D1 and D2 fine structure components individ-

ually and for any type of polarization. It results from the symme-

try properties peculiar to mF = 0 states.

If one can alter the spectral composition of the incident

radiation by suppressing one of the hyperfine components associated

with the ground state splitting, then clearly there will be a change

in the light transmission or scattering when the (2,0) and (1,0)

states are mixed by the microwave field and this will afford a means

of optical detection.

The use of optical interferometry to accomplish the filter-

ing of the incident light will necessarily be associated with a very

small solid angle in the optical system--too small to give adequate

light flux for optical pumping. It should be remarked that the sim-

plest configuration would use the same beam of light for both the eF-

tablishment of a non-thermal qa1,iorilum population distribu_izn be-

tween the states in question a.nd for the detection of the alteration

of this distribution by the microoave radiation. If one wished to
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use separate beams of light perhaps this filtering method could be

Used. Another possibility would be to filter the optical radiation

after it had passed through the gas cell. This would also require

collimation and resulting rigid mechanical tolerances and yield only

small fluxes for detection.

Better optical filters can be made from the selective ab-

sorption in a cell of rubidium vapor. The hyperfine components have

different scattering cross sections and there will thus be filtering

action as the radiation passes through the cell. After the initial

suggestion by R. H. Dicke, detailed calculations were made on this effect

(See AppendixA). These showed that quite good signal to noise

ratios could be obtained. Experimental demonstration of this select-

ive hyperfine method of optical detection was carried out for sodium

vapor by M. Arditi at the suggestion of T.R. Carver(16) , by W.E.

Bell and A. Bloom, (17) and soon thereafter for other alkalis.(18)

An even better gas cell hyperfine filter relies on the

selective hyperfine absorption in rubidium 85 which has a nuclear

spin of 5/2. The resulting shift in the energy levels of the ground

state compared to rubidium 87 resulting from the different multiplic-

ities is very favorable for providing an unequal ratio for the inten-

sities of rubidium 87 hyperfine components. Figure 24 in Appendix A

shows this effect and further discussion is given there. This method

was independently conceived by T. R. Carver and C. 0. Alley, by A.(19)
Kastler (private cocaunication to M. Arditi), and by P. L. 

Bender .

The technique has been used in the optically pumped, optically de-

tected gas cell atomic clocks studied by several groups. (20)
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The coincidence of one of the optical hyperfine trans-

itions in rubidium with an intense spectral line in the radiation

from a discharge in another gas could be used for altering the

thermal population difference of the two hyperfine states and op-

tical detection of the (2,0)<- (1,0) transition. Such a source

for cesium was found in a line from an argon discharge, slightly
(21)

shifted by an external magnetic field, by P.L. Bender and E.C. Beaty

A convenient similar source has not been found for rubidium.

An optical polarization bridge for the sensitive detect-

ion of the 0-,0 resonance was explored theoretically and partially

constructed. This allows the signal to appear on a null background

and utilizes the selective hyperfine filtering. It was not pursued

further in view of the more interesting approach discussed in the

next paragraph. The polarization bridge is described in Appendix B.

D. A New Method of Optical Detection: Phase Destruction

Using Coherent Pulse Techniques

Although the methods discussed above work adequately well

the signals are much weaker than the optical detection signals obtain-

able from Zeeman resonances. As a general principle regarding atomic

frequency stabilization, it is often experimentally desirable to ob-

tain as narrow a line as possible (See Appendix C). As lines are

narrowed by changing the oxperimental conditions this usually involves

a sacrifice of signal strength. Thus it is desirable to have a detec-

tion method yielding as large a signal as possible in order that this

may be sacrificed in favor of a narrower line.
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In addition to this type of line narrowing it is also pos-

sible to narrow a line artificially by using two coherently phased

pulses to select only the longer lived atoms from among those under-

going relaxation, as has been proposed by Prof. R.H. Dicke. (22) This

technique is briefly analyzed in Appendix C.

The phase destruction method will be fully described in

Section II E, but the basic idea is as follows (See Figure 4). A

coherent quantum mechanical superposition state of the 2F + 1 mag-

netic substates of angular momentum F can be formed by allowing an

rf pulse at the Larmor precession frequency to act on an oriented

system in a weak magnetic field. Such a state is provided, for ex-

ample, by a 900 pulse which changes a system previously oriented by

optical pumping along the z-direction into a free precession state

in the x-y plane. The in 0 state can have its phase with respect
F

to its partner states altered if it is coupled to the other mF 0

hyperfine state by a microwave field of the appropriate polarization

and frequency. The original superposition state is now altered and

if an inverse 900 pulse is applied the result will not be the orig-

inal oriented state but something quite different. If the phase

alteration had not occurred, an inverse 900 pulse would exactly re-

produce the original oriented state (neglecting relaxation effects).

The populations in this final state are quite different from those

in the original oriented state and this leads to a markedly differ-

ent optical absorption. The change is large and of the same order

as that obtained from Zeeman resonances. This change will be cal-

culated in Section II E using density matrix techniques.
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E. Investigations of Other Topics

One of the major problems associated with the phase de-

struction method is the influence of magnetic field inhomogeneities

on the free precession. Since atoms in different parts of the cell

precess at different frequencies they can get out of phase, if the

inhomogeneities are large, in a time less than the time interval

one would like to have between the two 900 pulses. The line width

of the hyperfine resonance detected by this means should be essen-

tially the reciprocal of this time interval. This type of dephas-

ing can be avoided by the use of spin echo techniques, first devel-

oped by Hahn.(23) These techniques were first applied to optically

oriented vapors in the course of this investigation. A means of

preserving phase relations when precessing spins diffuse in an in-

homogeneous magnetic field by the use of repeated 1800 pulses was

developed by Carr and Purcell.24) This technique was also applied

to precessing rubidium atoms in a buffer gas during the course of

this work.

One way of avoiding the detrimental effects of inhomog-

eneous fields is to average out the effects by allowing the pre-

cessing atom to move rapidly around in a gas cell whose walls are

non-relaxing. If the spread of precession frequencies is small

compared to the reciprocal of the average transit time between col-

lisions the dephasing effect will be reduced. Several wall coating

materials were studied. The most useful result was the demonstration

that coatings obtained by treatment with alkylchlorosilanes are

as effective as long chain hydrocarbon waxes. They possess the ad-

vantages of forming a chenicaI bond with the walls and therefore of

being bakeable withcut de4ericratIox. and of being relatively easy to apply.
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The optical pumping process itself contributes to the

broadening of the hyperfine resonance line and to destroying the

phase relations that one must preserve during the interval between

the 900 pulses. It is therefore desirable to cut the lights off

during this interval. Several methods of doing this were explored

experimentally. An additional advantage of doing this is to remove

the small shifts in the hyperfine resonance frequency caused by an

unsymmetrical spectral distribution of the optical radiation.

A reformulation of the theory of optical pumping was

carried out and some digital computer solutions obtained for several

conditions of relaxation and pumping with D2 radiation not previ-

ously available.
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II. THEORY

In this section some theoretical considerations will be

presented on optical pumping and on the optical detection of reso-

nances which have been found useful in devising possible types of

detection systems for the ( F, 1'F = 0 ) -(F-l, 4F-I = 0 ) ground

state hyperfine resonance in alkalis. The differential equations

governing the optical pumping dynamics including relaxation phenom-

ena are given an explicit matrix formulation and the relation of

this to a stochastic approach of the Markov type is shown. A con-

venient way of describing the behavior of assemblages of atomic

systems is in terms of the density matrix and appropriate operators

to describe the absorption of light in this formalism are presented

in connection with the notion of an effective oscillator strength.

Weak field Zeeman resonances are nicely described in terms of

rotations of higher spin systems using irreducible representations

of the rotation group and an application of this approach is made

to describe the effect of rf pulses. Using these techniques a

calculation of the performance of the phase destructive method of

detection of the hyperfine resonance is given.

A. Optical Pumping

1. Other Theoretical Descriptions

A calculation of the transition probabilities for

optical pumping was carried out by W.B. Hawkins and R.H. Dicke
(5 )

based on the treatment of the absorption and emission of resonance

radiation given by Heitler.(25) The contribution of interference

terms among the hyperfine components of the 2P excited states of

sodium 23 whose separations are on the order of ten times the
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natural line width was shown to be only a few percent and was there-

fore neglected. In the case of rubidium 87, for which the present

calculations were done, the excited state hyperfine splittings are

about a factor of 4 greater than those for sodium so that the con-

tribution of these interference terms can be neglected with even less

error. (In the case of atomic hydrogen, for which no direct optical

pumping has yet been done, the hyperfine splittings of the 2pj and

2p 3/2 states are much less than the natural line width, so that

such interference contributions will be quite important). Using

these probabilities the stochastic approach (valid if the absorption

probability out of each magnetic substate of the ground state is the

same) was used to compute expected orientations and alignments for
(5)

various experimental situations by W. B. Hawkins , and also by P. L.

Bender (6) who considered the question of the mixing of the excited

hyperfine states by buffer gas collisions.

A matrix formulation somewhat similar to that described
(26)

below has been given by C. Cohen-Tannoudji. Differential equations

adapted from the Bloch theory of magnetic resonance have been used by

Bloom and Bell.(15) A set of equations for optical orientation using

circularly polarized D1 radiation has been given by Franzen and

Emslie ( 2 7 ) who present also the results of some numeral integrations

on the time development of the populations.

2. Notation in Relation to the Density Matrix(28)

Although the notationally consistent way of pro-

ceeding would be to work always with the density matrix describing

the assemblage of atoms, some departure from this will simplify the

writing of the equations describing the dynamics of optical pumping.
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In particular the diagonal elements of the 8 by 8 density matrix

for the'magnetic substates of the ground state of, the alkali atom

represent the fractional populations of atoms in these states. They

will be designated by Ni rather than by Pji and formed into a pop-

ulation column vector N. The subscript refers to the ( F, mF ) state

in the following correspondence:

(F N) 111) (1,0) (1,1) (2,-2) (2,-l) (2,0) (2,1) (2,2)

-il 1 2 3 1 4 1 5 6 7 -

If one considers only incoherent optical pumping, in which it is

assumed that the absorption of optical radiation destroys phase

relations among the substates, it is perfectly legitimate to deal

only with the diagonal elements of the density matrix as is generally

done in describing rate processes by the "master equation.",(29 ) How-

ever a more careful treatment containing the off-diagonal elements is

really called for, particularly since the recent advent of coherent

optical radiation from optical masers. (30) Techniques such as those

of the present experiments should be able to detect the preservation

of coherence during the resonance fluorescence process.

3. Calculation of Transition

When one treats the incident optical radiation as

incoherent (or better stated, when the coherence time of the radiation

is much less than the excited state lifetime) the treatment of Hawkins

and Dicke (5) leads to transition probabilities which are proportional
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to the square of the matrix elements of the operator p.A between

the states in question, where p in the linear momentum operator

and A the vector potential of the incident radiation. (It is not

necessary to quantize the field oscillators for this calculation).

One needs then the matrix elements

which can be shown to be equal to r ., .r'F )r F'

where L- - and is the vector operator for position.

Such matrix elements of a vector operator between states of definite

total angular momentum and z-component of angular momentum are well

known.( 3 1 , 3 2 ) By means of the Wigner-Eckart theorem (32) they can be

expressed as a product of a Wigner 3-J symbol (essentially a Clebsch-

Gordon coefficient, see Appendix D) (F / , f.) giving the mF,mF ,

dependence and a reduced matrix element 7.giving the dependence on

F and F' X r ( (

) represents F a

accordingly as (-) =- 1, 0, or 1

JF can be expressed in terms of the nuclear spin I and the elec-

tronic angular momentum J by means of a Wigner 6-j symbol (explained

in Appendix D) and another quantity jT'

F _-_ _(2

F I V.~FII ~(2)
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The quantity . depends on the orbital angular momentum L

and the electron spin angular momentum S and can be expressed in

terms of a similar equation involving a 6-J symbol. For the two

D lines in question

D,. : s _. - Pi (7947.6;)

D21: , sj 2p3/2 (78oo0A)

one finds that

-~L. ~7(3)

expressing the fact that absorption cross-sections for D2 radiation

are twice those for Dj radiation.

These expressions are Just those which lead to the

Hnl-Kronig intensity ratios (3 2) for fine structure multiplets in

the case of Russell-Saunders coupling. They are equally valid for

hyperfine structure multiplets since the angular momentum relation

F = I + J involves the same type of coupling as J = S + L in terms

of direct product wave functions.

Let us denote the absolute square of these matrix

elements by
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(4)

For a particular type of incident polarization one will have a par-

ticular F or a linear combination of f £ corresponding to

certain changes in mF:

Denote by e the unit vector describing the polarization

of A: A = At ; by k the unit vector along the z-axis, taken as

the axis of quantization; and by i and J the unit vectors along

the x and y axes, respectively. Then one has:

T radiation ( ,

(T radiation

T radiation (x , + I ,-

TT radiation( h, &) - VL

The symbol ( C) will frequently be used in subsequent ex-

pressions to indicate the type of polarizations, (-1), (0), (+1)

standing for - , 7T , and T- * polarizations, respectively.

It is not to be confused with 0- polarization, which is described

as a linear combination of 7* and 0 - polarizations.

There is no constraint on the change in mF for the emission

of light by an excited (F,mF) state and &m? can be ± 1 or 0 for

electric dipole transitions. The radiation emitted by such tran-

sitions is best described in terms of a density matrix which includes

both the angular distribution and the polarization state.(33)
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= ae(1 () (5a)

AmuJ £,G 1 - _ ._ .,__-" ___ b)
Wr -." - (o i\ -/0 o o -

where (,0 ) :('4) 5b

and G is measured with respect to the axis of quantization. In

these expressions, a linear polarization basis is used with one

direction in the plane containing the propagation vector and the

z-axis and the other perpendicular to it.

The conditional probabilities describing the transfer

of population among the ground states may be expressed as(z." r) .t( _b.F ,J /X/ ' .

oC I, (6)

A

where P , means the probability that if the atom is in state

it goes to state j by absorption of radiation with polarization

( ") and emission of radiation. The sum is over the various acces-

sible intermediate excited states. Since the selection rules are

included in the calculation of the matrix elements, one can write

this sum as a matrix product. Since all types of polarization are

possible in emission, one has

= (7)

I 2. 1r
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One must normalize the row sums of 7 so that_ . (

expressing the reqiirmment'that an atom is certain to find itself in

some state. Such matrices are called stochastic by mathematicians,

and play a large role in Markov processes.(3) For absorption of

circularly polarized D, or D2 radiation alone, it is not equally prob-

able that each of the eight substates absorb a photon. This is shown

by the sum over j being dependent on i . However, one can incorp-

orate this varying absorption probability into the discussion of the

time rate of absorption to be given below and still talk of sto-

chastic pumping matrices.

In Appendix D the transition probabilities are tab-

ulated for both D1 and D2 transitions for rubidium 87, along with

the stochastic matrices for several kinds of optical pumping.
(35)

It is worth stating certain sum rules which

hold for electronic dipole transitions, for these are helpful in

visualizing the pumping process and as a double check on calcu-

lations. Also, in some cases, one can compute the transition prob-

abilities directly from the resulting simultaneous equations.

The sum of all transition probabilities (AmF = ± 1 and 0)

from an ( F,MF) state is the same for each particular mF state of

total angular momentum F. This holds both for absorption and

emission. That this must be so can be seen physically by symmetry

arguments. An isotropically excited state will have equal popu-

lations in eachn F state. There is no reason for the isotropy to

change as the atoms emit radiation (assuming no preferential selec-

tion of modes by a resonant cavity structure) so that the populations

must remain equal as the atoms radiate. This gives the following rule:

(1) is independent of
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Another sum rule is that the sum over initial and

final states for each type of A mF transition is independent of

the type:

(T is independent of 0T

See Figure 1 for an illustration of these rules. They are derived

in Appendix D.

The second sum rule in connection with the density

matrices for radiation given above in equation (5) shows that an

initially isotropically excited state omits unpolarized radiation

with no preferred direction. More details are given in Appendix

E for an oriented or aligned excited state.

4. Effect of Collisions in the Excited State on the

Optical Pumping Stochastic Matrices

If one knows the appropriate stochastic matrix de-

scribing the transfer of populations during a collision one can

easily modify the matrices given above. If Rk is the relax-

ation stochastic matrix, the appropriate pumping matrix is

, , (8)

There is no accurate knowledge of P4, ( but as a first approximation

one nay assume it to be uniform:l],, C for each pair kl. The first

of the above sum rules then shows that

,72 k7
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where one has put 7,,,.S (

If 7 , independent of i , then

t (q) I@

and

by definition of the stochastic matrix: R = /.
27

if T7-j A ,different for each i as in the

case for r * (or I-) D1 or D2  pumping, one may still define a sto-

chastic matrix 9 W7 provided a diagonal matrix having elements

Ai is introduced as described in Section II A 6 below.

It is just this existance of different absorption

cross-sections for the magnetic substates of the ground state that

allows orientation to be achieved in the presence of large buffer

gas pressures that result in nearly complete mixing in the excited
(12)

state. A method of dealing with partial mixing is briefly de-

scribed in Section II A 8 and in Appendix E.

A more realistic assumption regarding this type of

relaxation is that the electron and nucleus are decoupled during

the collision which randciIes the electron's angular momentum,

leaving the spin of the nucleus unaffected. Such relaxtion sto-

chastic matrices can be constructed from a knowledge of the Wigner

coupling coefficientI.(36) They are presented for rubidium 87 in

Appendix D.
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5. kate of Absotion 6 Photon

If the beam of incident radiation is characterized

by a spectral distribution of intensity 1. photons/sec -cm2-cycle,

and the cross-section for absorption by an atom is a 0,* at

the frequency 7V , then the rate of absorption of photons is given by

so

=fzI C photons per sec per atom (9)
0

When the spectral width of the light source 4 is several times

greater than the Doppler width of the absorbing atoms 4 4 (This is

much greater than the natural line width 4 ) it is a good

approximation to regard IV as constant over the interval where

is appreciable, equal to its value at the center frequency ,

and the expression for P becomes

P = f.1 o (10)

Now it is a result of the theory of the interaction of electromag-

netic radiation with matter, (37) that

where -

and i and k characterize the initial and excited states

respectively.
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It is convenient to define an oscillator strenzth which

characterizes the strength of the absorption by the definition

(12)

so that we obtain (13)

where t; is the classical radius of the electron. When the natural

line width 6 % is much less than LU,) , the Doppler width

of the absorbing line, the convolution of the two yields for the actual

value of I the approximate expression

The oscillator strengths are proportional to the transition prob-

abilities defined earlier, since the hyperfine splittings are com-

pletely negligible when compared to the optical transition frequency,

so that W A. has essentially the same value for all the

There will thus be a F! for each of the eight ground

substates which will depend on the polarization of the incident radi-

ation. It is non-uniform for example for 7-1 radiation if the peak

intensities of the 01 and D2 lines are different. (See Figure 2)

6. Formulation of the Differential Equations for Optical

Pumping L_ alternative and more detailed discussion

is given in Appendix E)

The time rate of change of the population of one of the

ground substates will be the difference of two terms: the rate of in-

crease due to the pumping process minus the rate of decrease due to

absorption by the state itself. The first term for state J is

r/k N
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where P is the conditional probability that if an atom in state

i absorbs a photon, it ends up in state j . The second term is

simply N

Thus N Z N;9 (15)

9, •

If one defines a diagonal matrix A having elements Aj given by

/P. P PA (16)

and having 7 so that /1 ~ 7 then the equation

becomes in matrix form, using the transposed matrix P T

I&- =$ (17)

This is the basic equation. If there are several kinds of pumping

proceeding simultaneously, for example, non uniform spectral dis-

tribution among hyperfine lines, unequal peak intensities of D, and

D2 , partial polarizations, etc. one can add several expressions of

this sort. Similar terms can be added to describe relaxation effects

of alkali-alkali collisions or wall collisions:

Here R is the type of relaxation matrix discussed earlier, B is

diagonal with trace 8 and T is an average time between collisions

for the atom.

The combination of two types of pumping affords a

particularly simple demonstration that pumping with a narrowly direc-

ted beam of unpolarized light results in alignment of the atoms along
(5)

the axis defined by the beam. One may regard the unpolarized light as

an equal mixture of T and T-light so that the pumping equation becomes
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f-16-

since " " ± for unpolarized light and where the relation

.2 t / follows from the sum rules (See Appendix D).

The effective pumping matrix is then

r'~/CO'- e) r T , 4"P( A(-
" -A (19)

From the matrix elements of " A for 0- pumping given in Section

IT A 3 #LY< ) - (vj

one notes that for a possible transition either the matrix elements

of p ( or those of p(+l) will vanish and that the square of the

coefficient for either of these terms is 1. Thus the pumping matrix

for 0 radiation, directed necessarily at 900 to the axis of quan-

tization, is
p'r~ ~ r4 r. - "'" " + ''

, . (,- -(20)

which is the same as that for the unpolarized light given in equation

(19). It is known that 11" pumping results in alignment, redistribu-.

ting the population towards 'mF and -mF equally.

It is worth emphasizing that the pumping matrices for

IT or T radiation for D1 transitions are doubly stochastic, column
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sums as well as row sums equalling unity. From the form of the

equation for pumping it is clear that for a uniform initial pop-

ulation distribution the time rate of change will be identically

zero and no redistribution of population will result. The basic

reason is that no electronic alignment in states of electronic

angular momentum i is possible and both the 2S and 2p, states

are of this type. Greater efficiency in the use of photons is

thus possible for Tr or 7" pumping by suppressing the D

radiation.

7. Derivation of the Stochastic Equations from the

Differential Equations

The solutions of the matrix equation--

) (21)

can be written formally 
(38)

r (rP- 1) A t
N t) W k /V 0 (22)

If A is the unit matrix, one may rewrite the equation by expanding

the exponential to yieldN_, W -rt e Z t_¢ o

t) rf (23)

which is just a sum of Poisson distributions for the probability of

absorbing n photons in time t, each photon absorbed corresponding to

one action of the matrix on the population vector 1,. This is the

equation used in earlier work at Princeton to compute population dis-

tributions. The relation to Markov processes (39)is evident. If A is
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not .1 then it will not in general commute with P and such an

approach is not possible.

8. Computer Solutions of the Equations

To allow for arbitrary ratios of D1 to D2 light,

different amounts of mixing of excited states, and different relax-

ation times for ground state relaxation the equations have been put

into a form in which a few numerical parameters can specify these

conditions. They are given for T pumping and the subscript i

refers to D or D2 .

N4 -- ( . (24)

where

+. (25)

P is the stochastic pumping matrix for no mixing and P is the

matrix for complete mixing as described in Section II A 4.

It is shown in Appendix E that this is the appropriate

form taken when uniform relaxation occurs in the excited state, so
A

that P = R . The analysis there shows that
r ,

v' +7'

where r' is the optical decay time and TI is the characteristic

time between relaxing collisions in the excited state.
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If one introduces

p--rr

r r

the equation becomes

d z-X -(AA,

+ (€ R I-- (27)

A program for an IBM 650 computer was prepared to yield integral curves

for the time developnent of the N.i (t) for a set of the parameters

(%p ql, q2s f). Some of this data is given in Appendix E, along with

a discussion of the results.

The final equilibrim distribution of the N. can be ob-

tained by solving the equations

drd

for (28)

for thNi e deeomnto h i t o sto h prmtr
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B. Optical Detection by Intensity Channes

1. Absorption Euations and Effact Dui±2at= MMUUM

One does not have true absorption in the attenuation

of a beam of resonance radiation as it travels through the vapor for it

is re-radiated in all directions. However, one can neglect the

small amount re-radiated in the forward direction and deal with the

situation by the equation (assuming axial symmetry)

_ h .....T = , -' . (1)

for each component of the spectral intensity distribution I,,. it is

the density of atoms in the particular ground substate for which the

cross section a is defined according to equation (14) in Section

II A 5.

F* / 2 V - (2)v )

which is valid if the natural width is small compared with the Doppler

width A v .

Under the conditions of a weak magnetic field there

will be several ground subetates which contribute to the cross section

for a particular spectral component with oscillator strengths f,

which will in general be different for each substate. Under condi-

tions where optical pumping is effective the populations of each of

these substates will be different. It is then convenient to describe

the situation by an effective cross section which is characterised

by an effective oscillator strength f defined by

S~'Z71 N. rrc r (Doppler (? ato,3
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Since the diagonal elements of the absorption matrix A defined

in Section II A 6 are proportional to the . one may write

where +* is an appropriate constant. For the heavier alkali

atoms, from sodium on, the oscillator strength for the principal

resonance line 5 * 'P is approximately unity. The small values

of the oscillator strengths for transitions to higher states are

compensated by the negative contributions from lower states, al-

though these transitions do not occur since the lower states are

occupied, so that the Thomas-Reiche-Kuhn sum rule is satisfied:

.rn /(5)

The oscillator strengths satisfying this rule are defined in terms

of electronic states. When one considers the hyperfine states and

substates, the Wigner-Eckart decomposition for vector operators

given in Section II A 3 enables one to assign appropriate oscillator

strengths to the transitions between such states. It should be

noted that equation (5) is usually derived from the commutation re-

lation [ ft* a ] a 1/2" and involves matrix elements of x .

Clearly, the same argument holds for y and z , so that the Thomas-

Reiche-Kuhn sum rule holds separately for each type of polarization:

tr 7 r This is related to the second sum rule discussed in

Section II A 3.

Sometimes an average oscillator strength is defined

by averaging over the initial magnetic substates and summing over the
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final m-states. 35) Such average oscillator strengths obey "partial

f-sum rules" which are stronger than the Thcmas-Reiche-Kuhn sum

rule. (40, 41)

2. Optical Pmpn and Absorption as a Function

of ace .9 Pentration

There is selective filtering of the various spectral

components of the radiation as it proceeds through the vapor cell.

This in turn affects the pumping process at each distance into the

cell so that the density matrix and therefore 5e.¢ is a func-

tion of the distance x . This will be the situation if the alkali

atoms are in a buffer gas which restricts their motion so that one

can have a steady-state population distribution depending on x .

However, if one uses a wall coated cell (to be discussed in Section

III) which allows the atoms to move about freely in times short com-

pared to the optical pumping time Icomplete spatial mixing can

occur, resulting in the density matrix being independent of distance.

However, there will still be a selective filtering effect.

To solve equation (1) one must first integrate with

respect to x , noticing that r can be a function of x and then

integrate the resulting expression forI/Jri with respect to v to

get the total intensity

77C 1; ( --.

(6)



11-21

where I (o) is a Gaussian distribution. The integrand T 6') in
IV

the above integral must be used in computing the value of photon ab-

sorption defined in Section II A 5 and the approximation made there

is no longer appropriate. The types of integrals involving Gaussian

distributions arising in this procedure were encountered by earlier

researchers on resonance radiation and useful tabulations of numerical

solutions are given in the book by Mitchell and Zemansy. (42) An ap-

proximate solution of the problem of selective hyperfine absorption

using this approach is given in Appendix A.

A simpler approximate approach is to assume all spectral

distributions to be rectangular with appropriate widths to account for

the total area using the peak intensity at the center of the line.

Then ( will retain the same shape in the region of absorption.

Under this assumption one can integrate equation (1) with respect

to frequency before integrating with respect to x , and use the

theorem an integrated eroes-seotions

S Jb - r i, (7)

where I, (Y ) in the intensity per unit frequency at the center of the

absorption line at position x . It is given by

1+ O) 1 (-_r" _ (8)

After integration, one has

rx, IP)(z'
ZaraP"ri,

-r(C) (d4a ,)e
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One can then proceed to calculate r (x) and obtain a set of coupled
non-linear equations, when one includes equation (17) of Section II

A 6 and equation (4) of Section II B 1, to describe the diagonal

dersity matrix as a function of position.

The general solution of the position dependence of

optical pumping has not been obtained, but this could be accomplished

numerically with the aid of a digital computer.

3. Mh Asoption Operators

The fact that one can express the effective cross

section for absorption by means of an effective oscillator strength

ie=1 0 ' (10)

leads one to search for a general non-diagonal operator A which

could be used to express the absorption when phase relations among

substates are established in the vapor so that the off-diagonal el-

ements of the density matrix need to be considered.

One way of constructing the desired operator is to

observe that the diagonal absorption matrixes given in Section A

and Appendix D (See also Figure 2) may be written for D with simi-

lar expressions for D2.

A -= ; (- )' - ') F

The axis of quantization for defining the states is the z-axis. Con-

eider now a density matrix for the states describing an incoherent

situation and therefore having off-diagonal elements equal to zero.
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Let a beam of radiation of some polarization be incident along a

direction ki not coinciding with the z-axis. The appropriate

absorption operator is just the diagonal A when used with the

density matrix defined in terms of states for which P is the

z-axis. This density matrix is

where Q (i) is the unitary transformation of the states corre-

sponding to the change in the axis of quantization (This is dis-

cussed more fully in the next section). The effective oscillator

strength f or this beam will then be

= f T, (*L ') A
Now

.- (14)

for a vector operator (3)so we obtain the following general expres-

sions for absorption operators for a beam of light of specified po-

larization and direction when the states are defined with respect to

the z-axis

(15)
A -- A :--

A4 r 4V

A A
A" - " - 2 :
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4. Modulation of Light Intensity tZLarmor Precession

The effect of a 900 pulse on an assemblage of atoms

possessing orientation in the z-direction is to rotate the net mag-

netic moment into the x-y plane where it undergoes precession at

the Larmor frequency about the z-axis if this is also the direc-

tion of the magnetic field. The density matrix will possess off-

diagonal elements, and a beam of light with 7.4 polarization having

a direction rl in the x-y plane, say x for convenience, will

be modulated. This is easily calculated in the formalism that has

been developed. The appropriate operator is

A F(16)2_ 

where

2 0 0 0

12 F

2 { I, F:sa

) & 0 Z O / (17)

If one considers the initial state to be (2,2), then by methods

involving rotation operators to be developed in the next section,

the resulting wave function, containing only states for F = 2,
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and density matrix can be computed. Then using the expression

one finds

It is worth pointing out that the phases are opposite for DI and

D2 and that, for this case, there is 100% modulation for the D1

radiation. One can use the methods described in the next several

sections to compute the modulation for an actual initial density

matrix to which all the states contribute. This yields

0 :
U' * °f f (pe-J.), * £(,, -fJ'--Of ' (,.,,

(19)

t , t )

where the !? £ are the diagonal elements of the initial density

matrix.

Although the states F = 1 and F = 2 precess in opposite direc-

tions as shown in Section II C 1, the absorption scefficients for the

mF states vary in "he opposie sense with increasing mr, as shown in

Figure 2.
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C. Description of Weak Field Zeeman Resonances as Rotations of

Higher S~i SYstems

1. Larmor Precession Frequency

The gyromagnetic ratio 6 for the ground states

corresponding to F = 1 and F = 2 can be expressed in terms of the

ordinary Lands' g-factor which describes the first order Zeeman

splitting in a weak magnetic field Bo . It is given by

with being the Bohr magnetron . is given by

F (2)

where

The ground state of an alkali atom has J= , L = 0, S = so

= 2. For rubidium 87, I = 3/2, so one obtains

.2. (4)

For electrons, which have a g-factor of approximately 2, the pre-

,ession frequency is about 2.8 Mc/gauss, so that the precession

frequency YRi will be about 700 kc/gauss.
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It should be noted that the sign of the g-factor is

opposite for the two F states, hence the precession of these states

will be in opposite directions at the same frequency. When one in-

cludes the higher order terme the several states will split differ-

ently and there will be several different Zeeman frequencies, so

that these conclusions are not strictly correct. Only the weak field

case, defined by the neglect of these higher terms, is considered

here. (46)

(47)
2. Magnetic Resonance; Rabi-Ramsey-Schwinger Theorem

An approximation frequently used in magnetic res-

onance calculations is to consider a rotating magnetic field of con-

stant amplitude B1 in a plane perpendicular to the field Bo, rather

than a linearly oscillating field in this plane. Although this lat-

ter type of field is generally used in practice because of its con-

venience, it can be regarded as a superposition of oppositely ro-

tating fields. The component rotating in the same direction as that

of the Larmor precession of the magnetic moments is chiefly effect-

ive in tipping the moments when its frequency coincides with the

Larmor frequency. The oppositely rotating component contributes

very little to the motion and can be neglected. The equations can

now be solved by an elegant method using rotation operators, which

will be described. It should be noted that if one actually uses a

rotating field, it can be made to affect either the F = 1 or the

F = 2 states, depending on the sense of rotation.

It may be shown both in classical and in quantum

mechanical terms that if one transforms to a coordinate system

rotating with angular velocity W there appears in this system
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I~(44)
an additional magnetic field If to is chosen to be equal

to - 6 the static field can be transformed away. When the ro-

tating magnetic field B is applied it appears as a constant field

in this frame of reference and one may transform to another system

rotating with angular velocity - 8, to transform it away also.

In this system the interaction Hamiltonian vanishes and the states

do not change in time. The actual development in time may be ob-

tained by transforming back to the original laboratory coordinate

system. This is known as the Rabi-Ramsey-Schwinger Theorem.

3. Irreducible Representations of the Rotation Group

The rotation of the coordinate system from co-

ordinates r to coordinates r' V R _r induces a transformation 1)t4)

of the quantum mechanical state ± according to the definition
(48)

c~--
Uc, c -, ,-" )(5)

from which (.' {() is readily shown to be unitary. One best defines

angular momentum operators in terms of the infinitesimal operators

(49)of the rotation group and by iterating these one arrives at the

following expression for V(f) for a rotation described by the Ealer

angles (50)

when the y-axis is chosen as the line of nodes.

The functions we are concerned with are the eigen-

functions of the operator for the square of the angular momentum,

F 2 , which commutes with the rotation operator. Thus one must be
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able to write the rotated state as a linear combination of the

igenfunctione of 
F2

V_ P - % ' WF 0 (7)
FF' F P

The matrices 4rare representations of the rotation group and

they may be shown to be irreducible--that is, that there is no sub-

manifold among the functions that remains invariant under all ro-
(F)

tatione. The matrix elements -i , are expressable as

I= I 'b U ~ ) r,

For the representation in which F, is diagonal

00- () = e ( <. F /7 #') (9)

4. Construction ofg(R) using the Spectral Decampo-

(52)
sition Theorem

There are various methods for getting explicit ex-

pressions for the elementsl (0described in the standard works on group

theory. (51) These are very valuable for establishing relations but

are a bit tedious for explicit numerical evaluation. A simple meth-

od for obtaining the matrix for a particular F was found

to be use of the spectral decomposition theorem for operators,(52)

which enables a function of an operator to be expressed as a sum

over the eigenvalues of the function with the eigenvalue as argument

multiplied by the projection operator onto the manifold characterized
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by the eigenvalue. This yields for rotations about the y-axis

~ p,) espq.(4 W.F (10)

where the E are projection operators onto the manifold charac-

terized by the eigenvalue mF. The % may easily be constructed by

calculating the normalized eigenvectors of F in a representation

with F • diagonal

(Ii)

Then the Ilare the outer product operators formed with these .

E (12)JF " F "F

One should remark that the wave functions are written in column

vector form whose elements are the coefficients in an expansion in

terms of eigenstates of F._

(13)

It is to be noted that when one represents a state in this way by

a column vector of coefficients the rotation operatorI ( ) applied

to the state is just the ordinary matrix product rather than

the product with the transpose of as equation(7)gives for the

transformation of the states themselves.

The irreducible representations ( anA( con-

structed. in this way are presented in Tables 1 and 2.
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5. Unitary Transformations Induced y Pulses

Using the Rabi-Ramsey-Schwinger Theorem, and explicitly

neglecting the oppositely rotating term, the unitary transformation

L -t) giving the way in which a state changes under the action of an

oscillating magnetic field 2 B, co t4 at right angles to B. applied

at to and removed at t can now be given

t 4 ee t (14)

where the direction of the rotating field B1 has been taken to be

along the y-axie in the rotating system. The matrix representations

of the operator U for t 900 pulses ( x (tl-to ) =-+ )

are given in Tables 3 and 4.

For 1800 pulses the unitary matrices are "ikew-diag-

onal" beginning with + 1 in the upper right corner and alternating

with - 1 until + 1 is reached in the lower left corner.

6. Effect of Magnetic Field Inhomogeneities

The detection of the O-.0 resonance by the phase de-

struction method, to be more fully described in Section II E, requires

that the phase relations among the partner states set up by an initial

900 pulse be preserved among all atoms of the assemblage until the

second - 90* pulse. These phase relations correspond to free pre-

cession in the x-y plans at the Larmor frequency. It is apparent

that if the static magnetic field Bo is not uniform over the volume

of the cell containing the vapor, the atoms will precese at different

rates and get out of phase with one another. One can, easily obtain

a relation between the fractional inhomogeneity A 03 0 and the
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phase spread :' after b time r-,

_ ago (15)Wor

An allowable value of 3 might be one radian. It is clear from

equation (15) that for a fixed value of V the required degree of

homogeneity lessens as the field Bo, and hence the frequencyw o ,

is reduced. At low fields, however, the contribution from small

pieces of ferromagnetic material in the laboratory or from irreg-

ularities in shielding devices becomes relatively greater. If one

wishes to have Z = lsee and We r 27 ,/Cradians/sec, the require-

ment on -'A for a one radian spread is < / <  Z

The inhmogeneity would cause some of the atoms to

be slightly off resonance in response to the pulse of rf and

therefore to be tipped by slightly different angles, but this would

not be serious. More deleterious would be a large inhomogeneity

in the rf field B, over the volume of the cell, but even a few per

cent spread in the angle of tipping would not be harmful.

7. Methods of Alleviating Magnetic Field Inhmogeneities:

Spin Echo Techniques and Wall Coated Bulbs

If it is not possible to obtain the desired homogeneity

by shielding the gas cell from external laboratory fields and creat-

ing the desired field by appropriate coils (See Section III C for

details) one can still utilize pulse techniques of the spin-echo

type devised by Hahn (53) to preserve the phase relations among the

freely precessing atoms at the end of the time T. This can be accom-

plished by inserting a 1800 pulse midway between the two 900 pulses,

as illustrated in Figure 3. Assuming that the atoms remain fixed in
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space, processing at a rate determined by the local magnetic field,

some will go too fast and advance in phase while others will go too

slowly and be retarded in phase. The effect of the 1800 pulse is to

reverse the phases of the atoms with respect to the average phase, or

ideal phase, as illustrated. Now the more rapidly precessing atoms

are retarded in phase, but will catch up with the others, while the

more slowly processing atoms are moved ahead in phase, but will fall

back. The result is that they are all in phase at the end of a time

equal to twice that between the first 900 pulse and the 1800 pulse.

In a cell containing a buffer gas, the alkali atoma

will not be fixed in position but will be diffusing among the buffer

gas atoms. Under these circumstances it is still possible to pre-

serve phases during a time interval by applying a succession of 1800

pulses, spaced as shown in Figure 3, as was first demonstrated by

Carr and Purcell. (54

These techniques have been used successfully and

experimental details will be given in Section III C.

Another method of reducing the effect of field in-

homogeneities is to use a bulb whose walls have been coated with a

material which bounces the oriented atoms off but affects the spin

state only very slightly. The averaging effect of the motion of

the precessing atoms in the inhomogenous field can lead to an in-

crease in the effective time for dephasing. Some estimates can be

obtained by using the notion of a random walk in phase. If bw is

the spread in angular frequencies due to the inhomogeneities and t o

is the transit time across the cell, the basic step in phase will

be 6wV . The number of such steps in a time T is Lc and the
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average phase spread developed in this time is

A r(16)

Defining 1 by putting A?'! , we obtain

- = L&( T (17)

An improvement will be achieved if r . I if A 8 is pro-

portional to Bo, we can gain by going to lower field strengths for

a fixed size bulb. If A 8 is independent of B., one can only gain

by reducing the size the cell and thereby reducing T. This would

also reduce the value of A 8, and thereby A0 under most circum-

stances. Wall coatings to achieve such effects were investigated

and are described in Section II B.

8. Effect of a Sinusoidall -Vary.ng Magnetic Field

If the magnetic field Bo is not constant but has a

small time varying part the Larmor frequency will not be constant

during an interval of free precession and departures from the

"equilibrium angle", defined for the constant field Bo, will develop.

The case where the time variation of B el is slow compared to the

Larmor period will be treated, having in mind a 60 cycle magnetic

field, so a sinusoidal variation will be assumed. The effect of

such a field was difficult to suppress experimentally and was there-

fore used as a method of detection as described in Section IV A.

The angle of rotation swept out by the oriented atoms

freely precessing in the x-y plane during a time interval r fol-

lowing a 900 pulse at time t, is given by
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t. *r

when the time varying point of the field is 8 6#c4 rt/e7) The angle

of departure from the equilibrium angle, as shown in Figure 4 in then

A -M. It.

(18)

It is convenient to define

2r r

- (19)

A 8T

When a -900 pulse is applied after the interval T , it will rotate

spine having the equilibrium angle back into the original vertical

position they had before the first 900 pulse. However, if there has

been a departure A ? from this equilibrium angle, the spins after

the -900 pulse will make an angle Ad? with the vertical axis.

It is shown in Section II B 4 that the optical ab-

sorption of a 0-* beam of light directed along the z-axis by an

oriented assemblage of atoms is proportional to the cosine of the

angle between the direction of orientation and the z-axis. Thus the

light transmission of a T beam following the -90* pulse will

be given by

4 CtI[ A a*z, iLp (20)
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The phase angle * at which the first 900 pulse

occurs will change from repetition to repetition of the double pulse

sequence unless there is a definite harmonic relation between the pe-

riod Te of the external disturbance and the repetition period7.

If T= o Ye then the phase advance A i per repetition time is

4 T9 = al 77 6J3- (21)

where [ 061 denotes the greatest integer less than a.. Regarded as

a function of time, to be siipled every' seconds, one has

a - C O= O I t (22 )

which defines a "reduced beat frequency," A t between the mag-

netic field frequency T- and the repetition freqiiency Tr_
The ti,,.e variation of the optical trais .ission then

represents a situation inrjilar to that of frequency modulation.

The frerquencies which appear are given by taking the real part of
(55)

e -A

go (23)

where the _T(A)are the Bessel functions of the first kind of order

n and use has been made of the relation

To, (A) HY" ,. (A)
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Thus one obtains

1()~ J )+ 2 -jL()e.?~"t~ (24)

As the amplitude A, which depends on the strength of the time varying

magnetic field and on the interval T between 900 pulses, is in-

creased, many frequencies can contribute, giving a very complicated

response. It should be noted that only even harmonics of the re-

duced beat frequency W' occur.

Experimental evidence for this complicated behavior

as a function of 7 is given in Section IV A.

D. Hyverfine Resonance Between mF = 0 States

1. Contact Interaction Term

Because of the spherical symmetry of S-states one

would not at first expect to see any splitting produced by the

interaction between the magnetic moments of the electron and the

nucleus, for which the interaction Hamiltonian is

_A

However, an additional term must be added to this Hamiltonian, the

so-called contact interaction term,

re * (2)

and it is this which contributes the magnetic hyperfine splitting in

S states, for which the wave function does not vanish at the origin:

(BE) - L t -". " (i " (3),,NPI r,
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This tem was derived by Fermi(56) from the Dirac equation and was long

thought to be of relativistic origin although approximate semi-

S .(57)classical arguments could be used to derive its value. Recently

Ferrell(58)has given completely classical arguments to show that it

must appear whenever there is a discrete magnetic moment embedded

in a continuous distribution of magnetization.

The dependence of the ground state hyperfine energy

levels of rubil.lu 87 on an external magnetic field is linear except

for the mF = 0 substates, for which it is quadratic. The Of#O trans-

ition is thus of particular interest since the frequency is given by

w a = 0, # t' ' /
e • (4)

making it very insensitive to field inhomogeneities.

2. Coupled Equatione and Approximate Solution in Terms

of a Unitay Tran formation

The interaction Hamiltonian H- is

where

= electron angular momentum operator

= nuclear gyrcuagnetic ratio = 'z

= nuclear agneton

= nuclear spin angular momentum operator

= amplitude of magnetic field in the incident plane wave

'4 = hyperfine resonant angular frequency
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In order for this to connect (2,0) and (1,0) B must be along the

axis of quantization, which is chosen to be the a-axis. Then the

interaction matrix element is

2 (A 11v ) 3 e-t w ft(6)

The Schr~dinger equation then yields the equations for the coeffi-

cients of states (2,0) and (1,0)

it a: -E 4 d* 0

where a constant has been added to the total Hamiltonian to rmke

the energy of state (2,0) equal to + E and the energy of (1,0)

equal to - E. Also the abbreviations

4 -C - 1 ( f ,. r ° - 7- P ',C / 4 A( 8 )

have been introduced. (This phase angle does not appear in

the diagonal elements of the ground state density matrix describing

the absorption).

In spite of their seeming simplicity equations (7)

cannot be solved without resorting to expansion in series or to

other approximation procedures. They are of the same form as the

equations describing a spin J system subjected to an oscillating

magnetic field at right angles to a static magnetic field. For

such a system one may neglect the component of the oscillating

field rotating oppositely to the Larmor precession. A similar

approximation can be used here, expanding the cosine into a sum
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of exponentials and neglecting the "oppositely rotating" one.

With this approximation the resonant solution for w z .5e4 is

conveniently written as

t : j-t (9)

where the unitary matrix U is given by

A better approximation to the solution of equations

(7) has been obtained by A.F. Stevenson (59 ) by expanding in powers

of &/z, • To first order in A/2E the amplitudes receive cor?-

rections of order 1/4 (6/A E), while the calculated angular fre-

quency that gives the maximum transition probability from one state

to the other is corrected according to

This result was first obtained by Bloch and Siegert.(60)

3. Perturbations 2L tesonance

Several sources of line breadth and the method of re-

ducing the Doppler breadth have been discussed elsewhere( 61 ) and will

not be elaborated here. During the course of the present work sev-

eral groups have obtained information on the shifts caused by col-

lisions with various buffer gases, including both positive and neg-

ative variations with pressure increases.(
62)
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The presence of optical radiation for the purposes

of pumping and detection can be a source of both line broadening

and of a shift in the hyperfine resonance. If the average rates

of interactions with photons for the (2,0) and (iO) states are

r- and then by the Weisskopf-Wigner relations (63 ) the

breadth will be

(12)

(Such average interaction rates can be obtained from the optical

pumping theory given in Section II A)

A careful treatment of the interaction of the op-

tical radiation reveals the possibility of a shift A E in an

energy level due to this interaotion(64):

4 E 7( -A 13A4, -

Here f4A is the density of optical radiation oscillators having

wave number k and k. is the value of k at the central optical

frequency. f denotes principal value integral.

A similar expression will hold for each of the hyper-

fine levels. If there is a lack of synetry in the distribution fPO

about . this term can be non-sero. The possible eistence of

such shifts was recognized when this work was begun and was esti-

mated to be very small. Recent work by Barrat and Cohen-Tannoadji(65 )

predicted that under some experimental conditions they could be ob-

served and succeeded in doing so. This effect serves to explain fre-

quency shifts as a function of light intensity observed by Arditi
(66)

and also by Bender.
(67)
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The desirability of eliminating the optical transi-

tions as a source of disturbance for the hyperfine resonance is

apparent from this discussion. The phase destructive method makes

it possible to interrupt the light beam and to detect the micro-

wave resonance only when the optical radiation is not present. This

is discussed further in Section II E and in Section III. Other meth-

ods of detection can also be devised which involve the pulsing on and

off of the light source to eliminate these undesirable effects, as

will be discussed in Section V.

E. Phase Destruction Method

1. Description

A non-mathematical discussion was given in Section I.

In this section calculations will be carried out using the theory de-

veloped for this purpose.

An experimental program of allowing the several oscil-

latory electromagnetic fields, at optical, microwave, and radio fre-

quencies, to act separately is convenient, as illustrated in Figure 4.

It is fortunate that such a program enables calculations to be per-

formed much more readily than if the several different frequency fields

acted simultaneously.

The particular property of the density matrix to be ex-

ploited is that one may regard a given density matrix which contains all

of the information on the system as capable of decomposition into a

sum of density matrices in arbitrary ways.( 6 8) Some one of these

ways may be especially useful in some computations. Here the useful

decomposition is into the density matrices corresponding to pure
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(F, mF) states with statistical weights given by the diagonal ele-

ments of the original density matrix, obtained by the optical pump-

ing process described in Section II A. One is clearly not allowed

to think of atoms being definitely in single pure (FmF) states

for they could be in pure superpositi states formed frm the

(F,mF) states, but if the density matrix is diagonal, such an in-

terpretation is allowable. It is in accord with the usual naive

way of considering the populations of atomic states and constitutes

a justification of that procedure.

The unitary matrices given in the preceding sections

for the action of the coherent microwave and rf fields can be used

to describe the time development of the pure (FAF) states of the

atom. The wave functions resulting from such successive unitary

transformations can be used to form density matrices which can be

combined with the statistical weights from the original diagonal

density matrix to yield the final density matrix.

2. Change in Density Matrices Produced bZ Pulse Seguence

The calculation as described above is straight for-

ward but tedious and will not be given in detail. The wave function

for the result of operatirgsuccessively with the unitary operators is

It is convenient to use a column vector notation in terms of the
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coefficients of the wave functions. For the initial state (F,mF )

= (2, + 2) one obtains
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The diagonal elements of the final density matrix are

_ 4-w"7

3O
j

one can perform similar calculations for each state (F,m F ) as the

initial state. The final density matrix is the same as the initial

one for the initial states (1,I), (2,-l) and (2,1) since the action

of U (900) lends to a coefficient of zero for the (1,(D) and (2,0)

states so that . ( has no effect and UJ(-?(') LI )_ (90 ) =w
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3. Change k Effective Oscillator Strengths

Using the equation

one can calculate this as a function of . For the operator A

corresponding to C" # radiation directed along the axis of quan-

tization the result is

# (6 )

e~j 4 It
for the density matrix corresponding to the initial state (2,+2).

Similar calculations for final density matrices for other states

can be made. When these are combined using as statistical weights

the diagonal elements of the initial density matrix, the result for

the change f - ,., in the effective oscillator strength is

=-

The 'f are the initial populations of the states.

The effect of the resonance for 0 radiation can be obtained by

an exchange in the coefficients

,fI, 8
fv~( )
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and is seen to give just the negative of the above values. It seems

remarkable that only the differences in initial populations between

the states (1,-i) and (1,1) and between the states (2,-2) and (2,2)

contribute to the final result.

Such equal and opposite intensity changes could en-

able the use of a bridge type of detection to balance out fluctua-

tions in the light source.

The maximum change is found for 7T , correspond-

ing to a change in sign of the (2,0) state with respect to its partner

states of total angular momentum F = 2 in the superposition state

wave function following the 900 pulse. The magnitude of the change

in absorption resulting from this change in the effective oscillator

strength is clearly of the same magnitude as that obtained by invert-

ing the oriented populations by means of a 1800 pulse which is (See

Section II B 4)

(9)

It should be noted that there need be no energy ab-

sorbed from the microwave radiation serving to mix the (2,0) and

(1,0) states since only a phase change and not a change, in the

amplitude of these states need be established.

Other modes of operation than the pulsed microwave

one are possible in which the microwaves are present continuously,

They are only effective between the 90 ° pulse5 however, and a Fin-

ilar theoretical description applies.

The effect of r.laxation, which has been neglected

in the foregoing analysis, will be to degrade the signal from that
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calculated. As one increases the interval tC between the two 900

pulses the signal will then become weaker, but since it is so strong

one can proceed quite far in increasing this time interval T . The

line width for the hyperfine resonance is then expected to be V -- (a Yr)

If the hyperfine excitation is applied in two coherently phased pulses

one can narrow the resonance by a factor of 2 as is accomplished in

the Ramsey method of separated oscillatory fields in atomic beam

work. (69) In addition, this two coherent pulse method should allow

one to narrow artificially the resonance beyond that determined by

the T2 relaxation time, by selecting just those atoms which live a

time T , which can be made greater than T2 by this sensitive means

of detection, as discussed in Appendix C.

There is also the possibility of applying quite com-

plicated pulse sequences to study their effects on atoms in a way

which would be quite involved for atomic beams.
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III. EXPERDENTAL METHODS AND INSTRUMITATION

In this section the details of the apparatus used are

given, along with some design considerations. The difficulties

encountered with some approaches that were not successful are dis-

cussed. Separate parts are devoted to a description of the source

of rubidium resonance radiation; to the making of gas cells, with con-

sidfrable attention to the technique of preparin' walls by treatment

with ilkylchlorosilanes; to the rf pulse cfrouit*y for the Zeeman

resonances; to the hyperfine microwave frequency stabilization

system; and to the electro-optical pumping and detection system.

Figure 5 shows an early view of the optical system

and magnetic field and gas cell arrangement, while Figure 6 shows

the changes made when using the shielded solenoid. Figure 7 shows

the microwave frequency stabilization system. The electronic appa-

ratus used for the pulsed resonances is shown in Figure 8.

Diagram 1 presents a schematic block diagram of the

major parts of the experiment and their relations to each other.

A. 'Liht Source

1. Spectroscopic Line Structure and Line Breadth

The structure of the two D lizAes resulting from the

fine structure splitting in the 5 p state of rubidium are shown in

Figures 9 (a) and 9 (b) which display the hyperfine splitting caused

by the nuclear spin I for the ground state and for the excited

states.( I = 3/2 for rubidium 87; I = 5/2 for rubidium 85) The fig-

ures also show the ten hyperfine components of the optical transitions
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along with their oscillator strengths. The excited state hyper-

fine splittings are those determined by Rabi and Senitzky ( 70)using

optical excitation in atomic beams.

The amount of overlap among the hyperfine components

can be determined from the Doppler width. This is 520 M/sec for

rubidium at temperature of 3000 C. The optical radiation from an

electrically excited discharge in rubidium vapor has a spectral

breadth at least 3-4 times the room temperature Doppler breadth, 
(71)

and under most conditions perhaps ten times larger, due to collision

broadening and self-absorption in the discharge tube. Under these

conditions the overlap is considerable and results in each of the

hyperfine components in D1 or D2 having the same peak intensities.

Naturally occuring rubidium is composed of 72 %

Rb8 5 and 28% Rb 8 7 , so the Rb8 5 structure will dominate. However,

by exciting a discharge in pure Rb8 7 the hyperfine structure could

be resolved using a large concave grating spectrograph.

Reduction of the peak intensity at the center of

the broadened line by self-absorption can be a serious problem,

for this is the spectral region in which the cooler alkali vapor

in the optical pumping cell absorbs and reradiates the radiation.

Methods of avoiding this are discussed below.

2. byies of Lamps and Electrical Excitations of the

Discharie

In the initial work commercial rubidium vapor lamps

made by Phillips and by Osram were used. These consist of a dis-

charge tube using argon as a carrier gas containing similar elec-

trodes at each end which is enclosed in a non-evacuated glass
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envelope for purposes of thermal stabilization. They are intended

to be excited by several hundred volts at 60 cycles, in series with

a ballast resistor. Such excitation gives 120 cycle pulsations in

the light output which would be undesirable for the type of pulse

work used in the present research. Accordingly other excitation

methods were tried on these lamps: rf, microwave, and dc.

Some difficulty was encountered in coupling rf ener-

gy at 14 Mc into the electrode structure of the Oeram lamp, although

if the lamp was started independently and warmed up, for example

by microwave excitation, the rf energy served to maintain the dis-

charge steadily but not as brightly as one might desire.

Microwave excitation using a Raytheon Microtherm

unit consisting of a magnetron oscillator at 2450 Mc/sec coupled

to a dipole antenna and reflector could give quite an intense dia-

charge. However, the power supply in the unit had a large 60

cycle modulation which affected the power output. Although this

could have been removed by suitable filters in the power supply,

this was not done.

Excitation using direct current was found to be quite

satisfactory. An inductance of -, 10 henries having a resistance

of about 1 ohm was placed in series with an Osram discharge tube

and fed from a rotating d-c generator with low commutator noise.

The voltage was remotely controllable by means of a field rheostat

for starting the lamp. Without the inductance, instabilities lead-

ing to relaxation oscillations would develop in the discharge. The

large inductance was considerably more effective in suppressing

such oscillations than a transistor regulated constant current source
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especially constructed for the purpose. The probable reason for

this is that the voltage swings available from the stored energy

in the inductance were not limited by the voltage source as in the

case of the transistor circuit. With time the generator became

more noisy and it was convenient to transfer operation after start-

ing to five 6 volt storage cells in series, by rapid manual switch-

ing. A reversing switch was incorporated to change the polarity

of the lamp when being excited by dc to allow both electrodes to

age equally. The circuit is given in Diagram 3.

Some laboratory made electrodeless lamps were also

tried. One geometry utilized a flat strip envelope about one inch

by 1/8" internal dimensions terminated in circular cylindrical

chambers about which cylindrical electrodes were placed to enable

excitation by capacitive coupling. This geometry was chosen to

minimize self absorption by letting the depth of the discharge

source be on the order of the "mean free path" for the emitted

photons. The carrier gas was neon at a few ,u It pressure, and

the excitation source was an amateur radio transmitter at 25 Mc/sec

kindly lent by R.A. Naumann. Instabilities developed in the dis-

charge, however, the most serious being changes in the mode of the

discharge every several seconds.

The most successful lamp was one constructed by

C. Varnum at the suggestion of T.R. Carver and kindly lent by

them. It consisted of a circular flat button enclosure having

a slightly concave front surface, about 1 i" in diameter and "

deep and used a few mi of argon on the carrier gas. It was

placed in the tank coil of an rf oscillator having a frequency
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of about 30 Mo/sec and excited by a magnetic type of coupling,

the electric field being produced by the oscillating rf magnetic

field. About 30 watts could be coupled into the discharge. The

diagram for this circuit is given as Diagram 2. When run with

dc on the filaments it was exceptionally stable and bright. The

large area enabled it to be imaged on the central part of the gas

cell with a one to one magnification. It may be seen on top of

the De.on structure in Figure 6.

During the later stages of the investigation a

rubidium lamp made by the Varian Associates for use with their

magnetometers and atcmic clocks was acquired. This lamp was the

result of much experimentation on temperature balance and excit-

ation rates and has been described in the literature.(72) The

power consumed by the lamp is only a few watts. It worked ads-

quately well but was about ten times les effective in producing

orientation as measured by 1800 pulses ( See Section III C below)

than the large area high power lamp described imediately above.

3. Questions of Self Reversal and Intensity

ERamination of the spectral output of lamps under

several types of excitation during the early stages of the inves-

tigation by means of a large 3" concave grating spectrograph em-

phasized the ease with which the D lines could be self reversed.

This happened whenever too much power was fed into the discharge

to be removed by the cooling, resulting in the lamp running at too

high a temperature. The practical remedy was simply to increase

the efficiency of the cooling.
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Two methods of cooling were utilized: blowing air

by the discharge tube from tIa building pressure line; and immer-

sing the tube in a bath of silicone oil which was itself cooled

by cold water flowing through copper tubes immersed in the oil.

When cooling the Osram lamps it was found expedient to remove the

outer jacket. Care must be taken not to cool too much for the

vapor pressure of the rubidium depends on the temperature and one

can lose intensity in the rubidium radiation.

When using the silicone oil bath surrounding the

discharge tube (silicone oil is quite transparent in the near in-

fra-red(73) ) a good temperature was found to be about 1400 C.

Figure 17 shows a picture of such a lamp. An increase in emitted

radiation by approximately a factor of 2 was obtained by surround-

ing the envelope containing the silicone oil with a reflecting

aluminium foil layer opposite the aperture for the emission of

the light. The entire envelope was wrapped with two alternate

layers of asbestos tape and aluminum foil. This was necessary in

order that the energy put into the discharge raise the temperature

sufficiently to yield the optimum rubidium vapor pressure.

Some years ago D.A. Jackson ( 74 ) demonstrated that

it was possible to increase the intensity of radiation from dis-

charges in alkali vapors without self-reversal if one cooled ad-

equately while increasing the excitation current density. This

was one of the motivations for the cooling employed and it was ob-

served that the intensity increased more or less linearly up to

the maximum current tried, about 2-amps (the rated current is about

0.7 amps). This represented a power input of about 30 watts.
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No careful measurement was made of actual intensities,

but from observations on photo currents, assuming a photon efficiency

of 1/250 for an S-I cathode at r- 8000, an overall photon emission

rate in the D lines of about 101 6 photon/sec-steradian was achieved

from the dc excitation. The larger area of the rf excited button

source described above resulted in its being more effective for orn-

entation (measured by 1800 pulses) than the do source by about a

factor of 3.

4. Methods of iPulsing the Light Source

Although mechanical interruption of a beam of light

by means of a rotating wheel containing suitable apertures, or per-

haps a combination of wheels rotating at different speeds to achieve

a vernier effect for rapid rise and fall times, affords a means of

pulsing with large solid angles of acceptance, difficulty in making

rapid changes in the duty cycle and repitition rate would be ex-

perienced. An electrical method was therefore sought which would

respond to the action of triggering pulses from some master timing

arrangement possessing easy flexibility for adjustment during

experimentation.

Mechanical shutters activated by solenoids or com-

pressed air were soon found by calculation to require too much power

for operation in times of the order of a millisecond, as was desired,

given the necessary mass of such devices. Very lightweight shutters

for cameras have been made by the Graflex Corp. to operate in this

time range, but upon examination they proved to be ill-adapted for

continuous cyclic operation as was desired.
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Electro-optical shutters utilizing the bi-refrin-

gence in a solid such as potassium dehydrogen phosphate (KDP)

induced by an electric field suffer from the need to use highly

collimated light and thus the available photon flux for orientat-

ion and detection purposes is reduced. Also, the commercially avail-

able aperture sizes are small.

The method finally adopted was to turn the discharge

in the lamp on and off. Although this produced time constants on

the order of several milliseconds due to recombination effects, the

speed was adequate and such operation did not promote inatability in

the discharge as had been initially feared.

For the dc discharge excited lamp a Delco 2N278 power

transistor capable of carrying 2 amperes was placed in parallel with

the lamp and used as a switch. Since the combination was fed from a

very effective constant current source (the large inductance previ-

ously mentioned) the current could be transferred very cleanly back

and forth between the discharge and the transistor. Some of the

switching transients are shown in Figure 10. The circuits for the

transistor binary and power amplifier used to drive the power

transistor are shown in Diagram 3. In order that the magnetic field

at the position of the gas cell resulting from the dc excitation be

changed a little as possible during the switching, the power transistor,

mounted on a large aluminum plate for power dissipation, was placed

near the light source, as can be seen in Figure 5.

For the rf discharge excited light source using the

button shaped tube and magnetic excitation described above, the

pulsing was accomplished by swinging the screen grid on the 3E29
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oscillator tube. The electron tube amplifier circuit enabling

this to be driven from the same binary which drove the power tran-

sistor is given in Diagram 2.

This light source can be seen atop the Dexion scaf-

folding in Figure 6. An oscillogram of a transient is shown in

Figure 10 (c).

B. Rubidium Vapor Cell Preparation and Wall Coatings

1. Glass Bulbs

These were blown from Pyrex glass by the Palmer Lab-

oratory glassblower, Leigh Harris. The size was not critical but

most were spherical with a diameter of 2 inches. For buffer gas

bulbs this gives an adequately long time for diffusion to the walls

for the pressures of buffer gases used (see discussion in Appendix

to Reference (1) ). The size of the orifice for such

buffer gas cells is not critical.

For bulbs having coated walls, the size of the ori-

face is important since nearly complete relaxation occurs when an

atom strikes the reservoir of rubidium in the tube adjoining the

orifice. The following approximate calculations are relevent. The

probability of an atom leaving the cell is the ratio of the orifice area
2

to the area of the wall 
dl

A,(orifice) l__1 --T 1
Prob. of leaving = A (wall) 2

dl = diameter of orifice (assumed
circular)

d2 = diameter of spherical bulb
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The probability per unit time is obtained by multiplying by the

number of collisions per second, o-I, where ro is the average

transit time across the cell = -4 j ( being the average ye-

locity. The probability of an atom having left the cell after a

time T is _ .

g(r) = e A, T(2)

and a convenient criterion is set by placing

A - (3)
A2  Co(

For a 2 inch diameter bulb of Rb atom at room temperature re- 3 x 10

sec and the following relation between r and d1 is obtained:

1 -
'4/ X U___ S C(4

This yields " - 0.2 sec for dI M i0 cm. It is to be noted that T

goes as the cube of the cell diameter.

"Lobsterpot" types of cells having very small orifices

were made (as shown in Figure 12) to give calculated relaxation times

of several seconds in order that this be a negligible source of relax-

ation when exemining the performance of wall coatings. Same 1 inch

diameter cells were made in order to improve the Dicke Doppler re-

duction in such wall coated cells and this necessitated orifice open-

ings of only several tenths of a millimeter which were prepared by

Mr. Harris by grinding the end of a tapered tube.



2. Rubidium Distillation and Buffer Gas Handlinr

The only change from the methods described in

reference (1) was concerned..with the manner of obtaining the

rubidium from the rubidium chloride form in which it is readily

available. Instead of replacing the Rb by Na as described there,

a technique of using calcium for this purpose as described by

Strong(75) was employed. Calcium chips were filed to yield a

fine powder which was mixed with RbCl in roughly stoichiometric

proportions. The mixture was placed at the bottom of a 1/2"

pyrex tube joined from its side to the bulb to be filled by con-

stricted tubing to be sealed off at successive constrictions in

the distillation process. The top of the tube was sealed off

near the connection to the bulb. After a good fore vacuum was

achieved the powder mixture was torched to release water and ad-

sorbed gases. The volume of gas evolved was considerable and some-

times came off explosively, blowing the powder throughout the

system. This effect was eliminated by placing some glass wool

above the powder in the tube and tamping it gently into place.

This trapped the powder particles but was sufficiently porous to

allow rubidium vapor to pass through. It was necessary to heat

the mixture until the pyrex was glowing red in order to effect the

replacement, but the use of an iron boat as described by Strong(
7 5)

was not required. After a sufficient amount of rubidium was pro-

duced and moved beyond the first constriction, the pyrex tube was

removed from the system. It was often found possible to use the

mixture again for the production of more rubidium, in which case the

problems associated with the evolution of gas were eliminated.
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During the early stages of the work rubidium was

distilled into bulbs singly. However, during the investigations

of the alkylchlorosilane wall coatings, several bulbs were filled

simultaneously, as shown in the photograph of the vacuum system in

Figure 11. Distillation of the natural rubidium has been completed

in the photograph. The oven shown lowered was used to bake the

bulbs at 300-400O C under mercury diffusion pump vacuum before

final distillation of rubidium into the bulbs, the deposits of

metallic rubidium being prevented from evaporation by cool moisten-

ed cloths wrapped around the tube. Pressures between 5 x 10 - 7

and 10-6 mm Hg could be achieved with this vacuum system.

3. Wall Coatinas
a. Inroucio

The desirability of finding wall coatings which

will only slightly perturb the internal states of atoms during

collisions has been recognised since the proposal of Prof. R.H.

Dicke ( 3 ) for the reduction of the Doppler width by confinirg the

atoms to a region smaller than or comparable with the wavelength

of the transition between the states. Another motivation has been

the success of optical pumping experiments in buffer gases.(
6 plo)

Some evidence that spin orientation is preserved

after bounces from hot metal surfaces was obtained by W.B. Hawkins.(
7 6 )

A suggestion that saturated straight chain hydrocarbon waxes might

provide such a surface was made by T.R. Carver in a talk at the

1957 Frequency Control Symposiun(.7 ) Independent optical pumping

experiments by H.G. Robinson, E.S. Esberg, and H.G. Dehmelt ( 7 )

first demonstrated that eicosane, a C2 0 H4 6 straight chain hydrocarbon
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formed a very successful wall coating. Careful experiments by W.

Franzen(79) using an optical monitoring technique indicated that

the longer the chain of the hydrocarbon wax, the longer the relax-

ation time.

The possibility of using a "storage box" with suita-

ble walls to interrupt the passages of atoms between the two oscil-

lating fields in an atomic beam resonance apparatus was proposed by

Prof. N.F. Ramsey ( 8 0 ) and subsequent experiments by him and his col-

leagues have yielded much information on the relaxing and absorbing

properties of various kinds of surfaces.(81)

b. Alkylchlorosilanes

The merits of methylchlorosilane treatments of

glass surfaces for the production of spin-relaxation inhibiting

coatings were first confirmed during the course of this work by

optical orientation experiments in rubidium vapor. This knowledge

was communicated privately to workers in several laboratories where

subsequent experience has produced additional evidence for the use-

fulness of the technique.(82)

The treatment of walls with such materials for

the purpose of atomic physics experiments was first suggested by

Prof. R.A. Naumann of Princeton Univezrity. He proposed it to in-

hibit the recombination of atomic hydrogen on the walls of glass

tubing leading from Wood's discharge regions in connection with

resonance experiments being done on the properties of atomic hydro-

gen by J.P. Wittke and E.B.D. Lambe in Prof. Dicke's laboratory, 
(2,83)

for which purpose it was very successful.
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FIG. 12 THERMAL ENCLOSURE AND TYPICAL GAS CELLS.
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The actual material used was a mixture of methyltrichlorosilane

and dimethyldichlorosilane manufactured and sold by the General Elec-

tric Co., Silicone Products Division, Waterford, N.Y. under the name

"Dri-Film" SC-77. It was originally developed as a coating for in-

sulators to prevent the formation of continuous moisture films.
(84)

A variety of other Dri-Film products to be applied to various sub-

strates, including metals, from either the vapor or liquid phase,

are available from GE along with information on uses and techniques

of applying.

Dri-Films SC-77 and SC-02 (pure dimethyldichlorosilane) were

first used in the optical pumping experiments. They are liquids

with very high vapor pressure, so that one can easily use the vapor

to form the wall coating. An idealized description of the chemical

process is indicated in the following schematic formula:

C It'l C I g-. ii" I
\ 7

I / \

/ \ \/4 \/,

The H atoms are normally present on the oxygen atoms on the

glass surface. However, after baking the glass bulb under vacuum,

it is desirable to admit some distilled water vapor to insure their

presence. The presence of a thin film of water on the surface will
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promote linking of the silanes along the surface and the formation

of a layer many molecules thick. The presence of too much water

results in a visible cloudy coating. The final coating should be

invisible. Excess water vapor in the volume of the cell should be

avoided and the unreacted Dri-Film vapor should be flushed out.

The reaction with the surface water seems to be completed in less

than a second. Care should be taken not to inhale the Dri-Film

vapor because of the formation of HCl.

The vapors may be introduced into the bulb by means

of thin glass tubes attached to a rubber syringe bulb or by means

of a system of stopcocks allowing for evacuation of the bulb and

subsequent opening to the reservoirs of the appropriate vapors.

Unfortunately Dri-Film reacts with most stopcock greases, so fre-

quent regreasing is necessary.

A test for a successful coating before distilling

rubidium into the cell and looking for optical pumping signals is

to admit a drop of distilled water. It should not wet the surface,

but exhibit a large angle of contact and run freely about. The

coated bulbs may be baked under vacuum at 3500C -4000C for several

hours without deterioration of the surface.

After baking, rubidium is distilled into the neck of

the bulb in the usual way. F.equently there is a time lag before

optical pumping signals can be seen. It is not completely clear

what causes this behaviour. It may be connected with the getter-

ing by the rubidium of gases "tvolved during the sealing off process

.*nd with the trapping of rubidium atoms in interstices and imperfec-

tions of the surface. Reactions with unhydrolyzed chlorine atoms in
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the surface may also be taking place. The time lag can sometimes

be reduced by heating the bulb or even by driving rubidium into

the chamber and moving it around with a torch.

The pyrex glass which has been used has a surface

different from that indicated in the diagram due to the presence

of impurities such as boron and this doubtless affects the coating.

The increased effectiveness of the longer chain

paraffins for the inhibition of spin relaxation(79, 81 ) suggested

the investigation of higher alkylchlorosilanes.(85) These were

obtained up to octadecylchlorosilane (C18H3 7 ) and applied to glass

surfaces. The vapor pressure of the higher alkyls decreases rap-

idly, making vapor treatments more difficult. However, by waiting

sufficiently long (2 hours for octadecylohlorosilane) the vapor

will react completely with the water film. Alternatively, a sol-

vent such as toluene can be used, but this is more difficult to

get into and out of bulbs with small orifices (which are desirable

in practice to minimize the relaxation of atoms on the free rubidium

surfaces in the neck of the bulb as compared with wall relaxation)

and in addition tends to leave a waxy deposit which must be cleaned

off.

Sets of coated bulbs for comparison purposes were

made by opening the tubes leading into them in a constant humidity

environment (a dry box converted into a "wet box") after they were

baked under vacuum and sealed off, allowing the humidity to determine

the thickness of the surface film so that it would be the same for

each bulb. Excellent coatings were achieved, as judged by the water

droplet test, with the higher alkyl coatings exhibiting the larger
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contact angles. However, the optical pumping signals from all but

the ethyl coatings were very poor, some worse than for uncoated

glass surfaces. The reasons for this are not clear. It may be

that the coatings decomposed during the baking before distilling

in the rubidium, although for the higher alkyls the temperature was

kept - 1000C. The surfaces formed may be capable of absorbing

rubidium atoms for a very long time. Further studies of these

coatings should be conducted.

Although consistent results can be obtained with

care on applying the alkylchlorosilane wall treatments, there are

many ill-understood effects which make the techniques still some-

thing of a "black art". Some of these effects are doubtless asso-

ciated with the complicated nature of glass surfaces.(8
6 ,87)

Better understood results can probably be achieved

by using very clean surfaces made possible by ultra-high vacuum

systems and by careful attention to the purity of the silane and

water vapors and the alkali metal.

c . Paraflint Wax

A search for long straight-chain saturated hydrocarbon

waxes led to a discussion with Professor J.A. Dixon of the Penn-

sylvania State University, the director of an American Petroleum

Institute research project on the chemical synthesis of pure heavy

paraffin hydrocarbons, who suggested the comnercial material Para-

flint. (88) It is a mixture of normal paraffins having an average

molecular weight corresponding to C50H102 and has a melting point

of "- i00 ° C.
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Successful cells were prepared by distilling in the Paraflint

and then achieving a thin layer by putting the cell in an oven, melt-

ing the wax and allowing it to drain off the walls and out of the

orifice. It was not studied extensively, but has been used subse-

quently by several research groups.(81,82)

d. Vda Fluorocarbon

An experimental fluorocarbon dispersion having the

trade name Vydax , Code DV9233 was furnished by the research division
(89)

of the DuPont Company. It is a low polymer of tetrafluoroethylene

dispersed in Freon-ll3 and was made for the purpose of forming a

thin coating of flurocarbon on various substrates.

It could be applied to the inside of a glass bulb

by filling with the dispersion and then allowing it to drain and dry.

According to the manufacturerb information, such coatings could with-

stand temperatures of 2650C before melting.

When rubidium was distilled into a bulb that had

been baked under vacuum at 1500 C for a few hours, there was a tend-

ency for the surfaces to become blackened in places. No orientation

signal could be detected when optical pumping was tried.

This negative result is in accord with the experi-

ence of the Harvard group with cesium on Teflon surfaces.(81)

Since the material was acquired only during the

last weeks of experimentation, it was not possible to study it further.

e. Relaxation Effects

These are discussed in Section IV C. Some direct

measurements of T2 relaxation times were carried out in collaboration
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with P.L. Bender of the National Bureau of Standards. Most meas-

urements were of relative T, relaxation times as indicated indi-

rectly by the degree of optical orientation.

4. Thermal Enclosure

Although the vapor pressure of rubidium at room

temperature is about 10-7 mm Hg, giving sufficient density of

atoms for optical pumping effects, larger effects for some pur-

poses can be obtained by operating at higher temperatures. An

enclosure of 1' thick polystyrene foam slabs, held together with

1/8" lucite rod skewers made an effective thermal enclosure. It

was fitted with optical windows made of glass that transmits read-

ily in the near infra red. Hot air was blown into the enclosure

through a rubber hose covered with an asbestos sheath. This air

was supplied from a commercial hair dryer operated from a variac

to enable the temperature of the gas cell to be varied. It was

easily possible to reach temperatures of 50-600 C, these being

measured with an alcohol thermometer inserted into the enclosure

near the gas cell.

It was necessary to use no metal in the construction

so as not to interfere with the rf or microwave radiation. The en-

closure is shown in Figure 12 and can be seen in place in Figure 5.

C. Zeeman Resonance

1. Radio Frequency Coils

These were made fairly large and of approximate

Helmholtz spacing in order that the rf field might be fairly uni-

form over the volume of the gas cell. (See Section II C) The first
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rf coils used were wound over the Helmholtz coils serving to cancel

the laboratory horizontal magnetic field. However, induced currents

in these coils severely reduced the amplitude of the rf field which

could be achieved at the resonance cell and the resonance could not

be saturated. These were replaced with circular coils consisting of

10 turns of #14 cotton covered copper wire with a radius of 10.5 cm.

For reasons of convenience they were placed 14 cm apart, rather than

the conventional Helmholtz spacing. The field at the center was given

by

13 = c ( milligauss [inma]

and could be expected to differ from this by no more than 10 percent

over the volume of a 2" gas cell. The coils were connected in series

by RG58U 50 ohm coax cable to minimize the distortion of the field

from this connection and were fed by the same type cable through a

shielded series resistor from the 8 ohm output of a Heathkit audio

power amplifier Model W-5M which posessed an adequate frequency re-

sponse. The rf coil circuit was predominately resistive.

A frequency of 100 kc/a was chosen since a very

stable Loran crystal controlled oscillator at this frequency was

readily available. The power amplifier responded well to the gated

pulses with which it was supplied, as shown in Figure 13 illustrating

the form of the pulse supplied to the coils, indicated by the voltage

wave form across the series resistor.

The magnetic field B1 in ailligauss needed for a

900 pulse was given by nBl= 35.7 where n is the number of cycles of

the 100 kc/s field applied. For n = 10, the number generally used,

one needs for the oscillating field which is twice B1, approximately
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7 milligauss. For a 1800 pulse one could use twice this value for

the same number of cycles or one could double the number of cycles.

This latter procedure was followed.

2. D.C. Magnetic Field Configurations

a. Helmholtz Coils

The initial work and first demonstration of the

phase destructive method of optical detection were carried out using

two sets of Helmholtz pair coils. These were used first by J.P.

Wittke (2) and later by T.R. Carver(l) in the same location. Each

was about 14 inches in radius and was fed fram storage batteries

through a series parallel combination of rheostats to enable precise

control of the fields. One set of coils was oriented and the current

adjusted to cancel the horizontal component of the local laboratory

field, while the other set was used to reduce the value of the ver-

tical component of the local field to , 140 milligauss, the value

of B required for resonance at 100 kc/s. For Helmholtz pairs theo

inhomogeneity along the axis is

where r is the radius, and 4j is measured from the center, a sim-

ilar expression holding off-axis. This would predict an inhomogeneity

of about 10"4 for a 2 inch diameter gas cell if only the coils them-

selves contributed. Unfortunately local ferromagnetic materials

around the laboratory contribute to a much larger inhomogeneity:

_i0-2 as determined from the width of the 100 kc/s resonance, which

was about 1000 cps. Another indication of the large inhomogeneity

was the impossibility of preserving phase memory between 900 pulses
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beyond a time interval of 2 milliseconds, even with one 1800 pulse

interposed.

Another configuration was adopted in an attempt to

remove this difficulty and is described below.

b. Shielded Solenoid

Laboratory sources of magnetic fields produced

the large inhomogeneities, so it was decided to shield the region

of the gas cell from their influence and to produce the desired field

by controlled currents in an appropriate coil configuration designed

to give the required homogeneity as computed in Section II C 6.

Several shielding geometries were seriously con-

sidered including the use of large Armco iron slabs around the out-

side of the Dwdon framework keeping the same Helmholtz coils or

several concentric mu-metal cylinders surrounding a solenoid.

A large amount of 4 inch. by 4 idl moly-permalloy

strip was available in the laboratory which had been acquired ear-

lier for the purpose of magnetically shielding a gravitational ex-

periment but never used, so it was decided to build a large sole-

noid and wrap it with this material. The magnetic characteristics

of the 4-79 Mo-Permalloy are shown in Figures 14 and 15.

The soleonoid was wound under tension on a form

of thick cardboard 1 meter long, 10 inches inside diameter with 4"

thick walls. The winding consisted of a single closely spaced layer

of 1200 turns of #20 wire insulated with heavy formvar having a total

resistance of 30 ohms. The winding was greatly facilitated by the

use of a large lathe. Figure 16 shows the completed winding before
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the magnetic shielding was applied, and a section of the permalloy

strip. A layer of 4" wide thin yellow mylar pressure sensitive

tape was applied to hold the winding in place before proceeding

with the shielding.

The first three layers of magnetic shielding were

each formed of 11 pieces of the 4" by 4 mil. strip slightly shorter

than the solenoid form. They were arranged in venetiah blind fashion

with 1" overlap and wound with a layer of yellow nylar tape,followed

by a layer of black electrical tape to increase the separation between

successive shielding layers. Such separation is desirable for better

shielding.

The four outer layers of shielding were wound in

spiral fashion, the second layer being centered over the butt joints

made by successive turns of the first layer, and the whole wound with

black tape. The third and fourth layers were wound in the same way

but with the opposite helicity and were secured with a final layer of

yellow m-lar tape.

The ccmpleted shielded solenoid can be seen in

place in Figure 6. The application of so many layers under tension

on the lathe caused the crose-section to be very accurately circular,

although uniformity of cross-section along the length is all that is

required for field homogeneity.

The effectiveness of the shielding was measured

with an electronic fluxmeter(90), and found to be not as good as had

been hoped. The reduction of a field at right angles to the axis of

the solenoid was by a factor ^-- 3 x 10"3 . The reduction factor for

fields along the axis was " 3 x 10-2
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The internal field at the center produced by such

a shielded solenoid is expected to be just that of an unshielded so-

lenoid, the shielding simply providing a path for the external flux.

This was found to be indeed the case with the field given by

B = /1, milligauss [in ma]

as given by the geometry and confirmed by measurement of the 100 kc/s

resonance is Rb8 7 at 143 milligauss for i = 9.5 ma. There was sce

residual field produced by the shield, for reversal of the field

direction required a current differing from this by about 5%. De-

magnetization was attempted by energizing the coil with 60 cpe

current and reducing the current to zero, but it was unsuccessful.

The current was provided by a transistorized

constant current source designed for the purpose. Very fine control

was provided by a ten turn helipot. It was also possible to supply

the current directly from a storage battery through a series-parallel

connection of variable resistors for fine control. The circuits are

shown in Diagram 4.

c. Time Vary Fields

The presence of magnetic fields changing at 60 op

and higher harmonics of this frequency was a continuous source of

annoyance, although it was used as a modulation source in sone of the

experiments (See Sections II C 8 and IV A) when it proved difficult

to compensate it. Another magnetic field at " 20 cps was frequently

present from a model magnet being studied by the physicists and en-

gineers associated with the Princeton-Pennsylvania Accelerator in a

laboratory about fifty feet away. This field was about six to ten
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times the 60 cycle field, depending on the amount of use of various

pieces of equipment in the laboratory.

It had been hoped that the shielded solenoid

described above would shield these time varying fields effectively.

However, they were reduced by only a factor. of 3-4 in the longi-

tudinal direction for which they were most serious under Zeeman

resonance conditions. Accordingly sane attempts were made to com-

pensate them at the position of the resonance cell.

Using a pickup coil at the position of the gas

cell, one could acquire a signal depending on the time varying mag-

netic field and use it to vary the current in the main solenoid so

as to Just cancel this time varying field by the use of appropriate

feedback circuits.

A coil was made consisting of 2650 turns of #36

wire wound on a form having an average diameter of 9" and a re-

sistance of 2600 ohms. The coil was wrapped with thin copper tape

for electrostatic shielding purposes. The coil constant NA was such

as to give an rms voltage of 1 millivolt for an rms 60 cycle field

of 4 milligauss, which was a typical value for this type of field

at the center of the solenoid.

The voltage output of the coil was amplified by

about 1000 by a chopper stablilized d-c amplifier made by Electro-

instruments, Inc., having an equivalent input noise of -- 10 Pv

between 0 and 50,000 cps and posessing a very low drift rate. Be-

cause of a quirk in the design which used the internal resistance

of the source, this could not exceed 3000 ohms. The output of the

d-c amplifier was fed into an integrator made from a Philbrick
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chopper stabilized operational amplifier having a time constant

sufficient for good integration down to 1 cps. The integrated

output was amplified by another Philbrick operational amplifier

using resistive feedback. The circuits are given in Diagram 5.

Difficulty was experienced in producing a time

varying current in the solenoid coil proportional to the time vary-

ing component of magnetic field as obtained from the integrator by

incorporating a fast feedback loop into the constant current source

already constructed. Although such a combination of a varying cur-

re.t for cancellation of the time varying external magnetic field

superposed on an average current is certainly possible, practical

difficulties associated with the earlier design which had not an-

ticipated this feature prevented the time varying fields from being

reduced beyond a factor 2 or 3 before oscillations in the feedback

circuit built up. Because of the press of time and the desire to

perform experiments which were not prevented from accomplishment

by the time-varying field, the appropriate new circuitry incorporat-

ing the frequency dependence to avoid the Nyquist oscillations

was not built.

A much simpler way to suppress the externally

produced time varying field would be to have several independent

solenoid windings. One could be used to produce the desired d-c

field. Another could produce the time varying field designed to

cancel the externally produced field, deriving its current from an

amplifier driven by the induced voltage in a third coil. It is not

necessary to integrate this voltage to get a signal proportional to

the time varying field, for one can simply require in the feedback
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circuit that the induced voltage be reduced to zero (i.e. to the input

noise level of the amplifier). Such a flux stabilization worked well

on a Varian magnet in this laboratory. (91)

3. EAd~ o Freouenoy Pulses

a. JaUX Circuits

The first system used to give two 900 pulses sepa-

rated by a time interval will be described but only given in block

diagram form since it lacked flexibility for experimentation and was

replaced by the circuits to be described below. For soe of the

circuits such as flip-flops and one-shot maltivibrators, ecnereial

unite made by Paeo were acquired and adapted.

The block diagam of the arra ment of the various

circuits is shown in Digam 6. The first pulse should produce a 900

rotation of the spin system and the encnd pulse should produce the

inverse 900 rotation. This can be accmaplished by tuning the fre-

quency and magnetic field for exact resonance and having the second

pulse identical to the first except that it is 1800 out of phase, or

by having the pulses identical and detuning slightly from exact res-

onance. This latter method was chosen for the first attempt, whereas

later circuits used the former method.

In order to achieve exactly similar pulses the

starting time of the pulses is determined by a pro-set electronic

counter which counts a given number of cycles of the Zeeman frequency

and then triggers the appropriate circuits.

The sequence of operations is as follows. A low

frequency function generator operating at30 cps (this frequency to
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be reduced as the experiment proceeds) provides an initiating pulse

and also a square wave reference signal for a look-in amplifier.

The initiating pulse triggers a binary which actuates a relay which

turns on the pro-set counter. After 1000 cycles of the Zeeman fre-

quency fron a continuously running oscillator ( -v 200 kc/s, this

frequency being reduced to 100 kc/s later) a pulse is obtained which

is shaped and applied to a one-shot multivibrator and also to a sec-

ond binary. The pulse from the one-shot multivibrator opens a ped-

estal compensated gate which lets pass a pulse of the Zeman frequency

from the oscillator. This pulse is sent to a power amplifier and pro-

duces the desired pulse of current in the rf coils.

After another 1000 cycles an identical pulse is

formed in the same way. However, the process stops here for the

output pulse from the second binary actuates the first binary and

opens the actuating relay for the pre-set counter, turning it off.

The system worked very reliably, after remedying

electronic difficulties in the lock-in amplifier and in the pre-set

counter. The time interval between the pulses could be changed by

changing the number set on the counter, which could be 103 or 1O4

or 105, and also by changing the frequency of the oscillator. The

variable frequency oscillator used was not very stable, so the Loran

crystal controlled oscillator at 100 kc/s was incorporated into the

system. The lock-in amplifier was sensitive to 60 and 120 cpe signals

and since these were large in the optical detection signal for the

Zeeman resonance because of the presence of time-varying magnetic

fields at these frequencies, it was necessary to construct a low

pass filter containing also twin T rejection networks at 60 cps and

120 cps.
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A desire to interpose 1800 pulses to combat the

field inhomogeneity as described in Section II C 7 and the need for

more flexible pulse programming to be used with the light source and

with the microwave resonance led to the design of a new digital tim-

ing system described below.

b. Diia i aCircuits

Considerable thought was given to a type of flex-

ible timing system that might be assembled at moderate expense. The

moat promising system seemed to consist of a sequence of decade

scalars (without feedback) and many multilegged coincidence circuits

so that a pulse could be obtained at any desired time in the cycle

of the cascaded decade counters, one leg of each coincidence circuit

going to a position in each of the decades. The minimum time inter-

val between pulses with such a system would be determined by the rate

of driving the fastest decade. One needs decades which will allow

a number of legs from different coincidence circuits to be placed in

the same digital position. This last requirement rules out the easy

use of comnercial decade single tube counters, for a vacuum tube

amplifier or cathode follower would have to be added for each digital

position on each decade.

A satisfactory solution was found in some of the

flexible pulse programming equipment offered commercially by the

Navigation Computor Company (Navcor) all of which utilizes transistor

circuits. The basic unit was a shift register, consisting of ten

binaries so connected that upon receipt of an advance pulse the state

of each binary, "0" or 'T' is transferred to the next one. By in-

serting a "I" in one position and interconnecting the last and the
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first, one has a decade scaler. Each of the binaries was fitted

with a transistor current amplifier leading to an output Johnson

pin Jack, either "0" or 1"111 ("1" =-30 volts) being available.

Diode coincidence circuits of the Rossi type as shown in Diagram

7 were made for use with these shift registers. Navcor also sup-

plied three legged transistor coincidence circuits, a set of ten

of these on one chassis being acquired. Two decade scalars were

obtained for the high speed and low speed scaling without provision

for coincidence circuits, along with a transistorized power supply

to energize the entire unit. A view of the init can be seen in

Figure 8. The maze of wires is needed for the pulse sequence de-

scribed below, but it was quite easy to program, a number of

multiple connections having been made with Johnson pin-Jacks after

the manner of power distribution panels. New arrangements could

be made by simply replugging leads. The low impedance of the

circuits presented interference from pick-up and cross-talk. Some

of the relevant circuits are given in Diagram 7.

The first decade scaler contained a pulse shap-

ing circuit so that it could be driven by a sinusoidal wave form

obtained from the Loran crystal controlled oscillator at 100 kc/sec.

Pulses were obtained to open and close transmission gates to allow

this same 100 kc/sec signal to be applied to the power amplifier

and thence to the rf coils. The use of the same signal for both

purposes means that the pulse sequence will be identical from one

repetition to the next as to phase.
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C. Transmission Gates

The requirements of rapid operation, no pedestal,

and low leakage in the non-transmitting position were achieved by

using a combination of 6-diode gates. (92) Solid state diodes were

used and at 100 kc/s, feedthrough was sufficiently serious for a long

interval between 900 pulses that a second64diod : ate was used to

shunt the output of the first gate. The circuits are given in De-

gram 8. The voltage change for the 6-diode gates was supplied from

a vacuum tube binary, as shown in Diagram 8 a. After being opened

by a pulse on one grid, another pulse was required on the other grid

to close the gate. The actuating pulses came from the coincidence

circuits described above and were fed onto the grids of the binary

through a diode mixer to avoid interactions among the many coinci-

dence circuits, as shown in Diagram 8 a. Input to the gate was by

means of a vacuum tube cathode follower as was the output fra the

gate, as shown in Diagram 8 b. The individual gates were incorporated

into 3 tube vector boxes.

Two identical transmissions gates were constructed,

the 100 kc/sec signals with which they were fed differing in phase

by 1800, thus enabling the second 900 pulse to be exactly 1800 out

of phase with the first. The 1800 phase splitting was obtained from

a difference amplifier, the large cathode resistance for this "long-

tail pair" being obtained from an n-p-n transistor acting as a cur-

rent cource. Provision was made for shifting the phase of the 100

kc/sec signal fed to the digital timing circuits with respect to that

fed to the transmission gates in order that the initial phase of the

pulses could be controlled. Provision was also made for attenuating
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these two signals independently, for the pulse shaping circuit of

the digital timing array worked satisfactorily only for a narrow

range of amplitudes. These circuits are shown in Diagrams 9'a and 9 b.

4. Response of Oriented Atoms to Pulses

a. Adjustment for Desired Rotation

The analysis given in Sections II B and II C shows

that the change in the optical absorption of a beam of C"* radiation

in the z-direction when an oriented assemblage produced by this beam

is rotated by an angle P about an axis in the x-y plane is precisely

the same as that resulting from free precession modulation of a beam

in the x-y plane, provided one takes proper account of the opposite

g-factors for the F = 1 and F = 2 states. When the rotation is

caused bt an oscillatory rf field B1, the effective oscillator strength

as a functton of is

eq (1)- , l

where the Nirefers to the populations before the pulse ( N4. f'i- ).

The maximum change is obtained for P-r7T, 3 r, .... (2n + 1)T, .....

The timing pulse Program was arranged to obtain a

900 pulse by opening the gate for 10 periods of the 100 kc/sec rf

signal. By starting from zero amplitude one can increasep by increas-

ing the rf amplitude while observing the rise and fall of the optical

transmission signal in response to the pulse. The first maximum cor-

responds to i and the amplitude forl= 77/2 is easily obtained by

reducing the amplitude until the change in the optical transuission
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signal is j that for = 7?. Pulses for 1800 rotations to be

interposed between the +900 and -900 pulses were obtained by open-

ing one of the gates for 20 cycles at the appropriate time, and

using the same amplitude of rf field for all pulses.

b. Measurement of "Loaitudinal" Relaxation Time Il

The change in optical transmission following a

1800 pulse is a measure of the degree of orientation achieved, as

shown by equation (1) in the preceding paragraph. For the same

light intensity such changes for different bulbs give a measure of

the relative orientations. The orientation achieved will depend on
p-I

the ratio P of optical pumping time to relaxation time T as

given in Section II A 8 and in Appendix E. T is here a "longitudi-

nal" relaxation time, affecting populations. Although the relation-

ship between T and the orientation achieved in this way is not linear,

a crude relative measurement of such times is readily achieved.

Better values could be found using the computer solutions of the

optical pumping equations as discussed in Section II A 8 and Appen-

dix E.

This method was used to obtain a measure of rela-

tive relaxation times for various wall coatings and the results are

given in Section IV C.

c. Measurement of "Transverse" Relaxation Times T2

A value of the relaxation time T2, which is a

characteristic time for atoms to lose their relative phase relations,

can be obtained by monitoring the decay of the envelope of the Larmor

frequency using the transmission modulation of a beam of Q'light.
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This detection light beam should be so weak that the optical pump-

ing time associated with it is much longer than the e -folding decay

time of the envelope.

It is essential in such an experiment that the mag-

netic field be sufficiently homogeneous that no spurious decay time re-

sults from the inhomogeneities, as described in Section II C 6.

Some experiments of this sort were carried out in

collaboration with P.L. Bender of the National Bureau of Standards

using the facilities of the U.S. Coast and Geodetic Survey Magnetic

Observatory at Fredericksburg, Virginia. A single beam of Q- D1 radi-

ation was oriented at 450 with respect to a weak homogeneous field of

a few milligausp, corresponding to a precession frequency of a few

kilocycles per second, and at 450 to an rf field used to apply a pulse

to tip the oriented atoms, initiating the free precession. It is

clearly not necessary to rotate through 900 in order to observe mod-

ulation at the Larmor precession frequency.

The results of some measurements of this type on

bulbs having alkylchlorosilane wall coatings are given in Section IV C.

D. Hyperfine Resonance Between States L;Q and (1,0)

1. Klystron Stabilization

a. Earlier System and Modifications

The system for stabilizing the Varian X-26D

klystron by phase locking it to the 1367th hatmonic of a 5 M/sec crystal

controlled oscillator differed only in minor ways from the system de-

scribed in eeferefce (1) which'was an adapttion to higher freqauencies of
(93)

a circuit described by C. L. Searle . A block diagral is shown in

Diagram 1 and several critical circuits are reproduced here in Diagrams

10 a through 10 e.
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Since there was no need for a 30 Mc/sec offset ,

a new crystal cut to 4.99996 Mc/sec was acquired to replace the

4.999250 Mc/sec crystal, using the same circuits however. Slight

retuning of the resonant circuits in the IF strip and phase lock

system was necessary to use an intermediate frequency of 250 kc/sec

rather than 200 kc/sec. In the later stages of the work an ultra-

stable 5 Mc oscillator (to be described below) was kindly made avail-

able by Dr. E. Hafner of the Signal Corps Research and Development

Laboratory whose use required slight additional retunift°s.

Since 1367 is a prime harmonic of 5 Mc/sec, it was

found that an improvement in the strength of the phase lock system

could be achieved by mixing on the multiplier crystal some 5 Mc/sec

signal directly from the oscillator along with the 40 Mc/sec from

the electronic multiplier. This signal was fed through a series

tuned circuit so as to present a high impedance for other frequencies.

Before doing this it was necessary to rely on some fundamental fre-

quency being present in the output of the 5 to 40 Mc/sec multiplier.

b. Locking Procedure

Care had to be exercised in locking to the correct

harmonic. This could generally be measured by means of a microwave

wavemeter in combination with a crystal and microamneter loosely

coupled to the klystron. The wavemeter could easily be read to 5

Mc/sec. However, much time was lost in searching for the 0<-40 res-

onance using the phase destruction scheme because the wavemeter was

reading in error by 10 Mc/sec. The appropriate correction was found

by measuring the frequency directly using a Hewlett-Packard transfer
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oscillator which responded to 6835 Mc/sec although this was above

its nominal range.

Caution also had to be taken in locking on the

right side of the 1367th harmonic with the interpolation oscillator,

its frequency needing to be subtracted from the harmonic frequency to

give the klystron frequency. The condition of phase lock was main-

tained by using a Lissajous pattern between the IF difference fre-

quency and the frequency of the interpolation oscillator as displayed

on a 3 inch oscilloscope. At times the lock was very precarious and

constant adjustment of the reflector voltage was necessary to keep the

klystron locked. Frequent adjustment of multiplier crystal bias and

5 Me/sec signal amplitude was also needed.

c. Ultra Stable Oscillator

Observation of narrow resonance lines requires

high stability in the frequency being used to scan the line during

the time of scanning. Since it was hoped that widths of less than

10 cps might be observed, a 5 Mc/sec crystal oscillator having a

stability of at least 10-10 over seconds was required. An oscil-

lator that had given evidence of stabilities of 10- 3. over a few

seconds was kindly lent by Dr. E. Hafner of the Signal Corps Lab-

oratories. It had been constructed by him in connection with ex-

periments on stabilizing crystal oscillators using feedback circuits

of the type employed in passive atomic frequency standards, crystals

of very good short term stability being combined with crystals of

very low drift rate. The circuits are similar to those developed by

(37)Warner and Smith at the Bell Telephone Laboratories under contract
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with Dr. Hafner's group at the Signal Corps.

Physically the crystal is located in a brass

cylindrical can designed to be immersed in a commercial thermally

stabilized oil bath and joined to the chassis containing the cir-

cuits by three 1/8" diameter stainless steel tubes containing the

leads. It required input voltages of 150 V dc, highly stabilized,

and a stabilized filament voltage of 6.8 v, producing a 5 Mc/sec

signal at 0.3 volts. This was not sufficient to drive the klystron

phase lock system so it was amplified by a Tektronix 121 amplifier

to 2 volts before being introduced.

A commercial thermally stabilized bath of the type

for which the oscillator was designed was not available, so one was

made using a large Dewar flask containing Prestone anti-freeze, which

has a high boiling point and a large specific heat. Heat was sup-

plied from a blade heater actuated by a mercury thermometer contact

and external transistorized relay. A motor driven stirrer was used

to mix the bath. This thermal control apparatus was borrowed from

the Princeton Chemistry Department, and served to keep the temperature

constant to within 0.01* C over minutes. During actual measurements

the stirrer was disconnected for fear of vibrations causing fre-

quency shifts although these were not severe and there was no actual

evidence for such an effect.

The crystal frequency was monitored as a function

of temperature using a Berkeley frequency counter and found to have

its minimum around 770 C at 4.9999910 Mc/sec. The frequency as moni-

tored on the counter would stay within 2 x 10-8 , the limit of meas-

uring precision, over minutes but there was sometimes a drift of
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-8
5 x 10 over an hour. It was known before obtaining it that the

crystal oscillator suffered from a large drift rate, this being

the price paid for good short term stability.

The oscillator in its thermal bath can be seen

in Figure 7.

2. Frequency Measurement

In the early stages of the work a system of monitor-

ing the Loran 100 kc/sec crystal oscillator with respect to trans-

missions of WWV was used, as described in refeence (1).

However the loan by the Signal Corps of a National Company Atomic-

hron, NAFS-l, No. 9, cesium beam atomic frequency standard, and the

acquisition by the laboratory of a Hycon-Eastern 1 Mc/sec crystal

controlled oscillator simplified the frequency measurements con-

siderably. Several techniques were possible. One could use the 1

Mc/sec output of the Atomichron, certainly accurate to better than

10'9 , as an external timing source for a Berkeley crystal controlled

counter, a precision in measuring the 5 Mc/sec crystal of 2 x 10-8

being possible in a 10 second count. Frequently the Atomichron was

used to monitor the drift rate of the Hycon 1 Mc/sec oscillator,

this being offset slightly, and the two signals compared in a tran-

sistorized phase detector shown in Diagram 11. The Hycon oscillator

displayed drift rates of less than 10- 10 per day. It could then be

used as the timing base for the Berkely counter rather than the

Atomichron itself, the Atcmichron being used only occasionally to

check the crystal frequency.



111-39

The presence of the Atomichron was indispensable

to an experiment on gravitation carried out by W.F. Hoffmann which

required monitoring the period of a high frequency (- 22 cpe) grav-

itational pendulum during the course of a year.

During the last several months of the investigation,

the Atomichron was required by the Signal Corps for use in experiments

on the world wide synchronization of atomic clocks (WOSAC)(95 ) and

was subsequently lent to Harvard for use in the hydrogen maser investi

(96)
gations.. Reliance on the measurements of hyperfine line shifts

due to wall coatings was then placed on the continued stability of

the Hycon oscillator.

During the WOSAC experiments a 133 1/3 kc/sec

atomichron stabilized signal was radiated from the Signal Corps Lab-

oratories at Fort Monmouth, about 50 miles from Princeton. Using

simple receiving circuits consisting of an antenna, tuned circuits

and an amplifier, the signal was recognized by comparing it with the

100 kc/sec signal from the Atomichron before it was removed, a stat-

ionary lissajous pattern resulting. However, the reception was not

always good, the signal was propagated only at certain times, and

during the last months of investigation was not available, so that

the method was not effective as a replacement for the Atomichron.

although in principle it could have been.

The internal crystal of the Berkeley counter was

adjusted frequently to agree with the Atcmichron or the Hycon oscil-

lator, and provided sufficient stability for measurements of the in-

terpolation oscillator frequency to 10-6.
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The interpolation oscillator used to sweep through

the hyperfine resonance was a General Radio Model 271, designed pri-

marily for measuring frequencies, which was stable to a cycle at

250 kc/sec and posessed an internal circuit enabling frequency changes

to be monitored to a few cycles by a moving pointer and dial. This

feature was used in estimating the line width of the O-,0 hyperfine

resonance when it proved difficult to display it on a chart recorder

(See Section IV B 2 below).

3. Coupling of Microwave Field to Gas Cell

Before the shielded solenoid was introduced, a section

of wave guide was extended using a half twisted section to allow energy

to be radiated onto the gas cell from the open end of the wave guide

with the B field parallel to the vertical field Bo . Very little field

strength was needed to connect the (2,0) and (1,0) states so there was

no need of a cavity to enhance the field strength.

There was not sufficient space in the shielded solenoid

to bring in wave guide sections so a UHF to waveguide adapter was used

as the radiating element inside the solenoid. It was joined to a simi-

lar adapter by a 6 foot length of low loss coaxial cable, contributing

only a few db loss. There was sufficient power available from the

klystron ( -50 mw) that this price could easily be paid, and indeed an

attenuator before the coaxial connection was used to avoid saturating

the resonance.

The possible desirability of placing absorbing material

for the microwave energy to avoid reflections and standing waves was

recognized but this was not tried.
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4. Detection o the Resonance by the Phase Destructio

Method

Most observations were made visually on an oscilloscope

screen on the manner in which the second 900 pulse affected the light

intensity, as described in detail in Section IV A. The observable

effect was the vanishing of the 60 cps modulation of this transmitted

light intensity when the phase relations were altered by the micro-

wave field.

Since it proved difficult to eliminate this 60 cpe

modulation, it was decided to exploit it in a phase detection system

to display the resonance as a dc signal on a chart recorder as one

swept through the resonance using the interpolation oscillator.

A variable phase 60 cps signal was obtained by rotating

the rotor of a synchro generator which was provided with a rotating

field from a 60 cps three-phase source. This was used as the ref-

erence signal for the type of transistorized phase detector shown

in Diagram 11. Since the rubidium o-+D detection and pumping light

beam was cut off during the interval between the two 900 pulses, this

constituted a very large signal in contrast to the variation caused

by the 60 cps modulation after the pulse sequence ("100 volts com-

pared with vl volt). Accordingly a gating circuit was made to inter-

rupt the signal from the phototube pre-amplifier combination and allow

it to pass only after the occurrence of this unwanted signal. The

signal, consisting of a decaying exponential caused by the recovery

of the spin orientation under optical pumping and the consequent change

in light transmission, recurring say 22 times per sec (one repetition

frequency used), and having its amplitude modulated at 60 cps was the
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input to the phase detector. The phase detector served the purpose

of creating a dc signal by synchronous rectification of the 60 cycle

component of the signal. The output of the phase detector was am-

plified by a HP 412 A chopper stabilized dc meter and applied to a

Varian G-10 recording potentiometer. Some of the circuits are shown

in Diagram 12.

5. Possible Methods of Pulsing the Microwave Resonance

Narrowing of the resonance beyond the width predicted

from the T2 relaxation time could be expected to result from apply-

ing the microwave radiation in two coherently phased pulses at the

beginning and at the end of the interval between the 90* pulses, as

discussed in Section I D and in Appendix C.

Since the resonance is so narrow a shift of frequency

by a few kilocycles is equivalent to having the rpdiation completely

absent. One scheme which was briefly explored experimentally was to

shift the klystron in and out of phase lock by changing the reflector

voltage by means of a transistor flip-flop circuit in series, having

its own floating battery supply. Difficulty was experienced in trig-

gering the floating flip-flop circuit and the matter was not pressed

further although such a scheme would probably work. The question of

the speed of response of the phase lock in recovering the locked state

would be the most critical one.

The use of a ferrite microwave switch employing the

Faraday effect was studied but it was concluded that too much power

would be necessary to switch the condition in a millisecond or less,

since the magnetic fields needed are not small.
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A crystal diode microwave switch relying on the change

in reflection as the crystal bias is changed was actually acquired

but the change in transmission that was possible was not great enough.

Several such switches in cascade would have been required.

The most promising scheme would be to use a type of bal-

anced modulator and mix in a frequency of, say, 10 kc/sec to shift the

resonance, leaving the amplitude and phase lock system unchanged. It is

quite easy to pulse such a low frequency signal, which could be derived

from the 5 Mc/sec frequency in the phase lock system.

E. Optical and Photo-Detection Syste.

1. General Considerations

The optical requirements for optical pumping purposes

are not all severe, it being necessary merely to illuminate the res-

onance cell with a large photon flux, having the directions of prop-

agation more or less along an axis, but angles of deviation of 200

to 300 can be tolerated. For a given source of optical resonance

radiation, (See Section III A), the problem is then one of collect-

ing the radiation over as large a solid angle as possible. After

the light has passed through the cell the problem is again simply

one of collecting it and conveying it to a suitable photodetector

for conversion to a current. One needs to worry about collimation

only if spectral filters are used at some point in the system.

The use of a vertical system enabled gravity to be em-

ployed in positioning components of the system, as can be seen in Fig-

ures 5 and 6.



FIG. 17 SOME ELEMENTS OF THE OPTICAL SYSTEM
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2. Collection of Light

If lenses are used they need to be of low f number

but can be of poor optical quality. The use of plastic Fresnel lenses

was found to be quite satisfactory. The first kind used were 15" in

diameter having an f value of 1, commercially offered to serve as

"solar furnaces." The use of two of these adjacent to one another

improved the f number. Later, better quality plastic Fresnel lenses
(97 )

were obtained having an f value of 0.6 and a four inch diameter. One

of these lenses can be seen in Figure 17. It was fitted into a poly-

styrene foam disk which made a snug fit into the cardboard tube shown

in the figure, adjustments in its vertical position being easily made

for the purpose of focusing.

The most effective system used the large area source

described in Section III A, with one of these lenses placed to roughly

form the light into a parallel beam. A second identical lens about

3 feet away was incorporated into the thermal enclosure of the bulb

described in Section III B 4, and formed an image of the source at the

center of the bulb. A third similar lens was incorporated into the

bottom structure of the thezmal enclosure to collect the light from

the cell and a fourth similar lens about 2 feet further on focused

the light onto the cathode surface of the phototube. Optical pump-

ing time constants Ion the order of 1 millisecond could be achieved

under the most favorable conditions in the source.

3. Polarizing Filters

Land Polaroid HN-22 polarizers were found to be effec-

tive near 8000 A where the D lines of rubidium lie. They were combined
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with plastic quarter-wave retardation plates made especially by

Polaroid for this near infra-red region to give circularly pol-

arized radiation.

The plastic Fremnel lenses described in the preceding

section were found by experiment not to disturb the polarization ap-

preciably, which seems remarkable. Therefore the T0 polarizer

could be placed before the lens which forused the radiation onto the

resonance cell, which was a convenience.

In experiments with polarizers suitable for use in the

polarization bridge discussed in Appendix B, Polaroid types HN-7 and

HR were found to be more effective for extinction when crossed than

the type HU-22. However, this has a greater transmission and was

thus more useful for polarization purposes.

4. Spectral Filters for the D Lines

Suppression of one of the D lines is very desirable for

optical orientation and optical detection of resonances as is explained

in detail in Section II A. Very effective dielectric multilayer fil-
(98)

ters for the purpose were obtained from Spectrolab, Inc. They po-

seesed an acceptance angle of ± 120 and had a transmission of 80-90%.

Both 3 inch diameter round and 2 inch square filters were obtained to

pass either the D1 or the D2 line.

This type of filter was mounted in a lucite frame and

placed adjacent to and above the polarizing filter, where the light

was fairly well collimated.

For some experiments on wall coated cells, for which

both D1 and D2 0- pumping orient in the same sense, as explained in
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Section II A, no filtering of the incident radiation is necessary.

However, it is sometimes desirable to filter the radiation before

it is incident on the photo detector since the detection signals

are of the opposite sign for D1 and D2.

5. Photo-Detection

Vacuum photo tubes were used throughout the investi-

gation, the type RCA 6570 being used almost exclusively. It has an

S-1 surface which is suitable for the near infra-red region, and has

the electrodes ruggedly supported at both ends of the structure. The

efficiency of photons for the production of electrons at an S-1 sur-

face is not very high: only 1 electron for every 250 photons around

8000 A using information from the tube data sheet.

The phototube was used with several different pre-

amplifiers during the development of the research, the most success-

ful of which was a cascode type having a gain of several hundred

using a double diode. The Philips type PCC88 double triode gave

the best noise figure. The circuit is shown in Diagram 13. It was

necessary to energize the filaments with dc from a storage cell to

reduce 60 cycle pick up.

Signals for a 1800 rotation of oriented spins by

pulsed Zeeman resonance could be achieved of nearly 10 volts ampli-

tude under favorable circumstances for the light source, with a

noise of less than one millivolt, this coming chiefly from the photon

shot noise associated with the beam of detection light, with no band-

width limitation other than the cathode ray oscilloscope response

of 5 Mc/sec. Signals of a few volts were more usual. The phototube

housing and pre-amplifier combination can be seen in Figure 17.
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IV. EXPERIMNTAL RESULTS

A. Demonstration bf the Phase Destruction Method of DetectinE

the (2.0) -(1.01 Resonance

1. Initial Results

a. Single 1800 Pulse; 60 cycle Modulation

With the very inhomogeneous magnetic field de-

scribed in Section III C, no effects of the microwave field on the

intensity after the second 900 pulse were observed until the time

interval between the 900 pulses was reduced to 2 milliseconds and

a 1800 pulse interposed to utilize the spin echo effect as described

in Section II C 7. The observations are best described by referring

to Figure 18 showing oeoillogaph traces of the output of the photo-

cell preamplifier combination during the rf pulse sequence-- + 900,

1800 , - 90°--described in Section II E.,which is shown at the top of

the figure. The gas cell contained Rb87 with 5 cm Hg of Neon as a

buffer gas and was held at a temperature of 450 C.

The transmitted intensity of the U+ D1 light

sometimes increased and sometimes decreased after the second 900

pulse with a beat frequency between the pulse sequence repetition

rate (about 25 cps) and the 60 cps external time varying field, as

shown in the middle picture of Figure 18 (a). The interpretation of

this is that the 60 cycle field is detuning the resonance so that

sometimes the second "90" pulse is + 900, sometimes - 900 and some-

times an intermediate rotation, depending on the strength of Bo as

modified by the 60 cycle magnetic field, as described in Section II

C 8.
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The effect of the continuously applied 6835 M/sec

microwave field coupling the (2,0) and (1,0) states on resonance is

shown in the bottom picture of Figure 18 (a). It seems to destroy

the phase relations in such a way that the average effect on the bulb

is to completely remove the beating in the response to the -9Opulse.

The size of the obtainable signal is clearly com-

parable with that resulting from a 900 rotation of the oriented atoms,

this being given by the change in light intensity following the first

900 pulse. The noise is not nearly so large as would appear from the

pictures. There was a slight oscillation in the light source which

appears as noise in the photographs, but this was subsequently tleihi-

nated.

b. Pusg of L

The relaxing effects of the incident light during

the interval between the 900 pulses is evident in Figure 18 (a).

The sudden change produced by the 1800 pulse is a measure of the

degree of orientation produced by the it pumping light. Absorption

of a photon by a freely processing atom results in practically com-

plete destruction of the phase relations. There is probably sme

small preservation of coherence in the ground state in the resonance

radiation process, but this question needs further study.

The advantage of removing this optical relaxation

during the free procession interval is clear from Figure 18 (b). The

other experimental conditions were the same as for Figure 18(a), the

center trace showing the removal of the 60 cycle induced variation of

the light intensity by the microwave resonance. The lights were pulsed

off using the transistor switch described in Section II A 4. The gain



IV-3

differs from the conditions in Figure 18 (b) by a factor 10, so an

increase in the signal by a factor of 3 or 4 has been achieved.

It was not possible to lengthen the interval be-

tween 900 pulses beyond 2 milliseconds even with the elimination of

optical pumping relaxation because of the large inhomogeneities.

c. MUltiDe 1800 Pulses

A demonstration of the effectiveness of the

Carr-Purcell technique( 24) of preserving the phase memory of freely

precessing atoms as they diffuse in a region -of inhomogeneous mag-

netic field as described in Section II C 7 was made by inserting 5

1800 pulses between two 900 pulses separated by an interval of 10

milliseconds, the other conditions remaining as before. The top

trace in Figure 18 (c) shows the spacing of the pulses, while the

lower two traces show the effect on the transmitted light, the

bottomn one being taken with the microwave radiation continuously

on resonance. The 60 cycle induced variation after the second

900 pulse and its removal by the microwaves were clearly visible

in the original oscilloscope traces, but do not show up well in

the reproduction.

Blanking of the incident light gave an increase

in the signal, although not as much as for the 2 millisecond inter-

val, due to the action of other dephasing relaxation processes during

the 10 millisecond interval. This is shown in Figure 10 (b).

d. Lock-in Amplifier Recorder Trace

The signal described in Section IV A 1 a above

was fed into a phase detector whose reference was a square wave at



(a) 2 MILLISECONDS BETWEEN 90" PULSES.

(b) LIGHTS OFF DURING (c) MULTIPLE 1S00 PULSES
INTERVAL OF (a) IOMS TOTAL INTERVAL

TIME INCREASES FROM RIGHT TO LEFT

FIG. 18 PHASE DESTRUCTIVE DETECTION
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the pulse sequence repitition frequency of about 22 cps. The 60 and

120 cps suppression filter described in Section II C 3 was used. As

the microwave frequency was manually swept through resonance the dc

output as displayed on a Varian G-10 chart recorder showed a plateau

about 10 kc/sec wide on which was superposed an inverted Ramsey

pattern, ( 9 9 ) the central peak being about 500 cps wide. The recorder

trace is shown in Figure 19.

This was the type of resonance expected, the 10

kc/sec plateau width being attributed to the 10-4 second 900 pulses

and the 500 cycle width being that expected from the 2 x 10-3 sec-

ond effective measurement time between the 900 pulses.

Most subsequent work involved visual observation

of the resonance in which line widths could be estimated by the meth-

od described in Section III D 4.

Since the observation of the (2,0) -4. (,0) res-

onance was so readily made visually using the oscilloscope presen-

tation of the response to the second 900 pulse, the further develop-

ment of a phase detection system to record the resonance was not

pressed. The system mentioned above used a lock-in amplifier of

relatively ancient vintage which gave considerable trouble in this

particular application, particularly because of the difficulty'in re-

moving its tendency to respond to very weak 60 cps signals.

In the last stage of the investigation when the

ultra-stable oscillator crystal oscillator described in Section III

D 1 c was available, an effort was made to obtain a dc signal from

the (2,0) (1,0) resonance for use with a chart recorder. This is

described below in Section IV A ?b.
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2. Later Results

a. Visual Detection for Longer Intervals

With the increased homogeneity brought about by

the shielded soleonoid described in Section III C 2 b, it was pos-

sible to preserve phase relations in the freely precessing atoms

for much longer intervals. Using a single 1800 pulse between the

two 900 pulses, an interval of 22 milliseconds for a 5 cm Ne Rb
87

bulb was readily demonstrated by the 60 cycle modulation described

above. The time interval could probably have been lengthened fur-

ther since the signal was quite strong, although because of certain

experimental inconveniences this was not done. The improvement in

the homogeneity was thus in excess of a factor 10. The switching

off of the lights during this interval was, of course, essential.

Observation of the (2,0)*-(l,0) resonance by

means of variation of the oscilloscope trace, as described before,

was equally easy, although the variation caused by the 60 cycle mag-

netic field was different because of the shielding (See Section

II C 8 ).

Figure 20 shows the effect of the microwave ra-

diation at the (2,0)<-4(l,0) hyperfine frequency on a different

time scale from that previously presented in Figure 18 so that

the reduced beat frequency between the pulse repetition frequency

and the 60 cycle magnetic field variation is apparent, as discussed

in Section II C 8. The time interval r between 900 pulses (no

1800 pulse is interposed) are :, 3, 4, and 6 milliseconds, respec-

tively for Figures 20a,b,c and d. The upper trace in each of the

dual trace pictures is the magnetic field at the position of the gas



MICRO-
WAVES
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WAVES

(a) r .2 MILLISECONDS (b) r .3 MILLISECONDS

WAVES

(c) r .4 MILLISECONDS Md r of MILLISECONDS

FIG.20 PHASE DESTRUCTIVE DETECTION FOR
SEVERA INTERVALS BETWEEN 90OPULSES, 1
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ell which had a peak to peak amplitude of about 1/2 milligauss.

This cell was coated with SC-02 Dri-Film and was of the "Lobster

Pot" type. Similar traces were obtained for other cells.

As the interval I is lengthened, the magnitude

of the variation after the second 900 pulse is reduced because of

the greater relaxing effect of the light. Also the strong periodicity

at the reduced beat frequency is diminished at longer intervals,

being replaced by a more nearly random variation, which is still

strongly affected by the microwave resonances, however. The ran-

domness is only apparent and results from the appearance of higher

harmonics as the interval I is increased, since this affects the

arguments of the Bessel functions which are the amplitudes of these

harmonics, as explained in the analysis in Section II C 8. From

this analysis, since the argument of the Bessel functions is pro-

portional to sin LT , one would expect the single periodicity

to be recovered as one continues to increase r . There was not a

sufficient increase made of I to show this experimentally, however.

b. Phase Detection

Although it was not necessary to use phase detec-

tion to observe the (2,0)<-*(l,0) resonance using the phase destruc-

tion method since the visual oscilloscope signal was so strong, a

method of deriving a dc signal from the variations in light intensity

following the second 900 pulse is desirable for recording the reso-

nance. The situation is complicated considerably by the presence of the

60 cycle magnetic field which, because of practical difficulties in the

existing apparatus, it was not possible to reduce to a sufficiently low
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level, as discussed in Section II C 2 c., and by the need to cut

off the lights during long intervals T , creating a large signal at

the pulse repetitibn frequency. Although the use of this fre-

quency as a reference in the phase detection system described above

in Section IV A 1 d seemed to be satisfactory in principle, it

would not be satisfactory when the lights were being pulsed without

modification.

The light pulsing signal was strongly reduced by

making an electronic transmission gate to pass the output of the

phototube preamplifier only during an interval following the second

900 pulse, when the transmitted light had very nearly recovered its

former value, variations in this value constituting the signal, as

described in Section III D 3.

The use of the other reference frequencies was

explored experimentally. The reduced beat frequency was produced

by using a transistor phase detector of the type shown in Diagram U

to mix a square wave at the repetition frequency with the variable

phase 60 cycle signal derived from the synchro as described in Sec-

tion III D 3. A second phase detector of the same type was then

used with the reduced beat frequency serving as reference and the

signal from the phototube described above serving as the input.

The output of the second phase detector was amplified by a HP412A

chopper stabilized dc meter-amplifier and applied to a recorder.

as described in Section III D 3.

The system worked well at times, but since there

was no fixed phase relation between the repetition frequency and the

60 cycle field, it required frequent adjustment of the phase of the
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60 cycle reference. Thus it was not suitable for continued experi-

mentation on different gas cells under a variety of conditions.

The use of the 60 cycle field as reference in

single phase detection was tried as discussed in Section III D 3.

This was more stable than the double phase detection described

immediately above and gave very strong signals but still suffered

from defects. It was not sufficiently sensitive to the signal pro-

duced by the microwaves during the active interval T so that the

characteristic Ramsey pattern did not appear. The time constant

of the dc amplifier recorder combination was too slow (several sec-

onds) to sweep through the lines rapidly, thus preventing the re-

cording of very narrow lines, for the ultra-stable (short term)

crystal oscillator controlling the klystron frequency drifted badly.

Even with these defects it was possible to demon-

strate the broadening of the lines by increased microwave power and

the increase in the signal strength by cutting off the lights during

the active interval.

B. (2.0)< 1.0) Hyperfine Resonance

1. Line Shifts

a. Buffer Gases

The only buffer gases used were neon and argon.

No special effort was made to measure the pressure shifts but the

results were in agreement with the data published by P.L. Bender( I OO)

and M. Arditi (101) for those few pressures used in the experiments:

87e.g., 5 cm Hg Ne, Rb LI> + 17,400 cps
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The frequency 6834.6826 Mc/sec is taken as the unperturbed

value. (102)

b. Wa Coated Calls

The measurements were made during the last months

of the research when the Atomichron was no longer available so re-

liance was placed on the continued stability of a Hycon Eastern 1

Mc/sec oscillator, as discussed in Section III D 2. They were com-

plicated by the rapid drift rate of the ultra-stable (short term)

oscillator used to stabilize the klystron in the hope of obtaining

narrow lines, as discussed in Section III D 1 c. Furthermore, the

center of the resonance was determined visually because of the rather

unsatisfactory performance of the recording system used. These fac-

tors made it difficult to determine the center of the resonance to

better than 100 cycles.

Some measured, shifts at a teperature bf 40 0 C were:

Paraflint - 6900 cpu

Sc-02 Dri-Film - 4200 cpu

Sc-77 Dri-Film - 4600 cpe

Diethyldichlorosilane - 6000 cps

Sc-77 Dri-Film (1" cell) - 7800 cps

Diethyldichloroeilane
(1" cell) - 5400 cpu

All bulbs were 2" in diameter except where noted

and contained natural rubidium. The data were taken *ith a 4 milli-

second interval between the 900 pulses.
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Except for the general large negative shift, one

should not attach too much significance to the relative values of

these numbers, since the tedhnique of applying the coatings is still

something of a "black art."

The shift is much larger than was expected and

represents a phase shift per wall collision much larger than for
-4

buffer gas collisions, since there are about 10 fewer wall col-

lisions per second than buffer gas collisions at a few cm Hg buffer

pressure. It is much larger (by 1 10) than similar results report-

ed for cesium in the storage box atcmic beam experiments at Havard. )

c. Light Intensitrhf  t

The evidence for the effectiveness of removing

the light during the active resonance interval between the 900

pulses for removing this type of shift is rather inconclusive be-

cause of the experimental difficulties mentioned above in measuring

the shifts. However, measurements were made both with lights on and

with lights off and there was some slight evidence for a shift in the

resonance frequency between the two conditions.

If the spectral distribution in the light source

is sufficiently asymnetric to produce a light shift as discussed in

Section II D 3, the method of pulsing the lights should be an ex-

cellent one for avoiding the effect and still retaining the advantages

of optical detection.
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2. Line Widths

a. Visual Observation

Using the Bliley 5 Mc/sec crystal in the klytron

stabilization system the line widths seen were about 200 cps even

with very long separations T1 between 900 pulses which should give

widths

217V

of a few cycles. This was attributed to the poor short term sta-

bility of this crystal. It was not the same crystal (although of

the same type) as the one used in the microwave detection experi-

ments which yielded a line width of - 80 cps in reference (1).

With the ultra-stable (short term) oscillator

it was hoped that such very narrow lines might be seen. However,

the narrowest lines observed were about 60-80 cpu with both buffer

gas and wall coated cells, a visual estimate being made as described

in Section IV A 2, independent verification being made by several

colleagues. The time intervals were such as to predict widths of

about 10 cycles. The reason for this discreppancy is not clear.

It may be that the oscillator was not being operated under the con-

ditions to elicit its maximum short term spectral purity.

No great effort was made to obtain these narrow

lines with the existing equipment since it is clear that the method

will yield such narrow resonances with improved electronic in-

strumentation.

b. Recorder Observation

The narrowest lines recorded were several hundred

cycles in width the under conditions which yielded lines less than
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100 cycles in width for visual observation. This was attributed

to the several second time constant of the amplifier recorder com-

bination necessitating slow traversals of the resonance, allowing

the crystal to drift, and to the "random" element entering the sig-

nal input to the phase detector, as discussed in Section IV B 2 a.

It is clear that changes in the electronic in-

strumentation will enable the recording of the same width lines as

are observed visually.

4. Reduction of Doppler Width by WL" Coated gJIe
Since the line widths for the hyperfine resonance

obtained above for wall coated cells are much less than the Doppler

width of 10 kc/sec, it is clear that the Doppler reduction method

proposed by Professor R.H. Dioke ( 3 ) works as predicted for oonfine-

ment of atoms to dimensions on the order of a wavelength. Most pre-

vious use of this technique had confined the atoms to regions very

much smaller than a wavelength, an exception being the work of Ramsey

and his associates using coated wall storage cells in the hydrogen
(96)

maser.

C. Wa Co..atede

1. Loonitudal Relation T s 1 for ze n eitio

a. Alkrlchlorosilanee a).d Wa

A relative measure of these times was obtained by

a change in absorbtion of T0-DI light of an oriented vapor subjected

to a 1800 pulse, as described in Section III C 4 b. Some typical photo-

graphs of oscilloscope traces under such conditions are shown in Figure 21.
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All the cells contained natural rubidium except for the 5 cm
87

noeon one which contained Rb . This accounts for the larger changes

in optical signal with this cell.

All good wall coated cells give orientations within

30% of each other. The Dri-Film methylocholorsilane coatings were

fully as effective as the Paraflint wax and one can infer TI times

of around 100 milliseconds.

The experiments with higher alkylcholorsilanes

as described in III B 3 were somewhat disappointing in that useful

coatings were only obtained with ethyl groups. However, the orienta

tions achieved with such coatings were somewhat better than for any

other material tried.

It is worth noting that in an effort to determine

whether any gas had gotten into an ethyl cell that could be acting

as a buffer gas, a leak tester discharge was applied to the cell.

There was no evidence for gas, but the signal was completely de-

stroyed. It was recovered slowly, but after hours was only 1/3 its

former value and never fully reached this value.

b. Uncoated Glass Walls

In order to have some reference for the T relax-

ation experiments, the relaxing effects of glass were investigated,

the expectation being that no orientation would be observed. It was

thus surprising to find an orientation as measured by the response

to 1800 pulses about 1/30 that for the best wall coatings. A trace

of such a response is shown in Figure 22 (a). The decay time after

the pulse is much shorter than the usual optical pumping time, ena-

bling one to attribute the relaxation to wall collisions and thus to
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estimate the average number of such collisions to relax i/e of the

oriented atoms. In this way one estimates 5 to 10 collisions being

required for disorientation by a pyrex walled cell containing natural

rubidium.

The most effective combination of light source and

optical and detection configurations as discussed in Section III was

required for the measurement of orientation in such clean, baked

glass cells.

It was learned shortly after these observations

that similar effects had been seen by Professor H.G. Dehmelt.(103)

2. Transverse Relaxation Tims fT r Zeeman Resonancee

A few measurements were carried out in the homogeneous

magnetic field available at the Magnetic Observatory maintained by the

U.S. Coast and Geodetic Survey at Fredericksburg, Va. in collaboration

with P.L. Bender of the National Bureau of Standards. The technique

is described in Section III C 4 c. The higher alkylohloroeilane cells had

not been prepared at the time of the measurements. The only cells

measured were coated with Dri-Film and were 2 inches in diameter, two

having fairly large orifices, giving relaxation times by migration

into the neck, according to the simple theory of Section III B 1,

of about 50 milliseconds.

The cells contained natural rubidium at room temp-

erature and it was necessary to monitor the Rb 8 5 resonance in order

to obtain a usable signal with the weak light used. The g-factors for

this spin 5/2 nucleus ground atomic state were

F =3 = 1/3

-= 2 =-1/3
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An SC-02 Dri-Film coated bulb gave T2= 40 milli-

seconds while an SC-77 Dri-Film bulb gave T2 = 60 milliseconds. An

SC-02 coated lobster pot type cell gave a T of only 8 milliseconds.2

These results were somewhat surprising. First of

all the method of measuring relative TI values had indicated that the

SC-02 coating was slightly better than the SC-77 coating, and that the

lobster pot SC-02 cell was almost as good as the others, as shown in

Figure 21. This emphasizes the caution with which the non-linear

dependence upon TI of the 1800 response must be interpreted, for one

probably does not expect a large difference between TI and T2 .

The poor performance of the lobster pot cell in

comparison with the performance of the same coating in the large or-

ifice bulb is doubtless due to the poor quality of the coating

achieved through the small hole, since it was one of the first such

coatings attempted on a lobster pot cell. Coated lobster pot cells

made subsequently performed well.

3. Averaging of Magmetic Field Inhcmogeneties

Although the use of a wall-coated cell to average out

magnetic field inhomogeneities by the motion of the atoms was one of

the motivations for investigating wall coatings, very little system-

atic attention was given to this aspect of the problem using the coat-

ings that were developed.

If one accepts a value of 10 milliseconds as the de-

phasing time due to inhomogeneities as determined from the measure-

ment of 22 milliseconds preservation of coherence using a single 1800

pulse in a buffer gas cell described in Section IV A 2 a, a frequency spread
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of L6W - 100 should be expected in the Zeeman resonance. Using the

expression developed in Section II C 7, one would expect a factor

of improvement in a wall coated cell of

T. 3

Although the preservation of coherence among the freely processing

atoms was somewhat easier in a wall coated cell, there being no need

of 1800 pulses, for example, the factor was by no means this large.

No attempt was made to determine the actual factor. Probably the

value of 10 milliseconds assumed above represents a time for which

the phase spread is considerably in excess of one radianwhich would

bring the observations more in line. However, there was direct evi-

dence that in a weak magnetic field corresponding to a precession

frequency of abous 3 kc/sec for Rb 8 7 , the phase was preserved in a

buffer gas cell for an e-folding time of about 6 milliseconds. This

is discussed in Section IV D 1 below.

A very cursory comparison was made of the line widths

in a buffer gas cell (5 cm N. and Rb8 7 ) and in a wall coated cell

( SC-02 Dri-Film, natural rubidium) using continuous rf and 60 cycle

modulation--an adaption of the recording system for the hyperfine

resonance described in Section III D 4. The result was a narrowing

of the resonance by the wall coated cell by only a factor 2. It is

possible that the difference between Rb8 7 and natural Rb contributed

to lessening the effect.
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D. Other Results

1. Effect of (2.0)<-(l.0) Resonance on Thl Lw r rMaISY

Modulation of Light

It was found that a weak magnetic field could be estab-

lished in the shielded solenoid at an angle to the axis by reducing

the axial component to a very small value. This was done by estab-

lishing a small field to oppose the residual field. Any kind of a

sharp pulse (rf or dc) applied to the rf coils would set the oriented

atoms into coherent free precession about the field direction, thus

providing modulation of the 0 r- D light at the Larmor frequency as

discussed in Section II B 4.

The small magnitude of the field resulted in a Larmor

precession frequency of about 3 kc/sec for Rb87. The e-folding time

for the decay of the oscillations was about 6 milliseconds.

Application of the microwave field to couple the (2,0)

and (1,0) states during the free precession reduced the persistance

of the free precession sharply, as was to be expected, since the

effect is clearly very closely related to the phase destruction

method using the 900 pulses.

Figure 23(a)shows the effect. The possibility of sim-

ultaneously monitoring the magnetic field and the hyperfine resonance

by means of modulation of 0- + light at the larmor frequency is

clear.

2. Optical Pumping with 2 Radiation

As discussed in Section II, alkali atoms in wall coated

cells may be oriented in the same direction by both D1 and D2 radiation,

since there is no mixing in the excited state, and one can hope to gain
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in orientation efficiency by using both fine structure components.

Since no data existed on the dynamics of optical

pumping with D2 radiation alone, solutions by 650 digital computer

were obtained for this case as discussed in Section II A 8. Some

integral curves for the change of ground state populations with

time are given in Appendix E.

Some pictures of the change in light intensity for

D2 a- light following a 1800 pulse are given in Figures 22 (b) and

23 (b) and (c) under several conditions. Figure22 (b) shows the

response when D 2 pumping and detection is used in a 5 cm Ne

Rb87 bulb as compared with that for D1 under the same conditions.
The orientation produced by D2 is much staller, as expected,

since there is excited state mixing.

Figure 23 (b) shows the response for an SC-02 coated

lobster pot cell containing natural Rb (Rb8 5 resonance) to D1 and to

D2 separately. The trace for D2 is much smaller than that for D1.

The reasons for this large discrepancy are probably associated with

a large amount of self reversal in the source for D2 .

Figure 23 (c) shows the same cell being pumped with

both D1 and D2 u + light simultaneously. The detection is with D2

light. The upper trace is for Rb85 with a time scale of 2 ms/cm

and the lower trace for Rb87 with a time scale of 1 ms/cm. The

change in sign of the response transient and the long recovery

time for the Rb8 5 represent interesting relaxation effects that

should be studied further.
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V SUMMARY AND CONCLUSIONS

A. Optical Detection of the 0-- Q Hy~erfine Resonance

A new method of optically detecting the field independent

magnetic hyperfine resonance between the magnetic substates in the

ground state of an alkali atom has been devised, analyzed, and ex-

perimentally demonstrated for the case of rubidium 87. It relies

on producing a change of phase between an mF= 0 state and its part-

ner states of the same F value during the coherent superposition

state describing free precession.

A major advantage of the new method is that it yields

very strong signals, easily observable on an oscilloscope without

bandwidth limitation with a signal to noise amplitude ratio great-
3

er than 10 . This strong signal can be sacrificed in favor of

narrowing the line width to the limit set by the T2 relaxation

time in the gas cell, and even beyond, using a method for arti-

ficially narrowing the resonance by observing only those atoms

which are not relaxed during a time interval greater than T2 .

Because of practical experimental difficulties described in Sec-

tion IV, the line widths of a few cycles per second that seem

certainly possible were not realized. Also, because of the in-

terest in investigating other matters, described below, the micro-

wave resonance was not actually applied in two coherently phased

pulses to select the longer lived atoms and thus to narrow the

line artificially. The method of detection is well adapted to

accomplishing this however.

Other methods of optical detection were devised also,

as described in Section I, but not investigated experimentally.
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One of thee., the selective hyperfine absorption method, improved

for rubidium. 87 by the use of a rubidium 85 filter cell, (indepen-

dontly conceived by bever inveetib tok, es Z trodutid;, #j,-?).

is the method of optical detection used in all the optically pumped

rubidium vapor cell frequency standards developed so far. More in-

formation on this is given in Appendix A. The use of a polarization

bridge to permit the signal to appear on a null background, as men-

tioned in Section I and described in Appendix Bwas not tried ex-

perimentally.

B. Wall Coatinas

The effectiveness of coatings formed by treatment of

glass with alkylchlorosilanes for the inhibition of relaxation in

oriented atoms colliding with the walls was demonstrated. These

coatings are quite easy to apply and form a chemical bond with the

glass permitting the cell to be baked at 3500 - 4000 C after the

coating is formed without deterioration of the surface.

The relaxing properties of these coatings were found by

experiments to be about the same as those of the long chain saturated

by hydrocarbon waxes, in particular, Paraflint, a commercial mixture

averaging C a material first uncovered in this work and50HI02,

found useful by several other groupe.

Orientation in a coated wall cell can be produced by

both D and D2 C" radiation simultaneously in contrast with the

use of a buffer gas, for which, at a few cm pressure, the excited

state mixing requires the production of an intensity difference

between Dl and D2 since they tend to orient in opposite directions

in this case.
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Under san conditions, the rapid motion across the

cell of precessing atoms in wall coated cells results in averaging

out magnetic field inhomogeneities which would otherwise constitute

a serious limitation to the duration of a free precession state be-

fore dephasing in a buffer gas cell.

The visual observation of the 6835 Mc/sec 0 f- 0

hyperfine resonance in 2" diameter wall coated cells with widths of

60-80 cps certainly shows the effectiveness of the Dicke method of

Doppler reduction when the atoms are confined to a region whose

extent is on the order of a wavelength. Instrumentation difficulties

described in Section IV make it difficult to say what is the con-

tribution to the width from wall collisions.

There was found to be a negative pressure shift for

the 0 -4- 0 resonance of several kc/sec for the wall coatings, it

being difficult to attribute specific values to the several materi-

ale because of a lack of knowledge of the quality of the coatings,

Ethylchlorosilane seemed to give the least shift, however. Be-

cause of the many fewer collisions per second with the walls than

with buffer gas atoms in a buffer cell, one would expect the res-

onance frequencies to be much less sensitive to environmental

changes such as temperature, although because of experimental dif-

ficulties discussed in Section IV no real evidence was obtained to

support this.

C. Coherently Pulsed Zeeman Resonance

The theoretical and experimental study of the response of

optically oriented atoms to coherent pulses at the Larmor precession

frequency formed a large part of this investigation. The + 900,
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- 900 sequence separated by a time interval * is essential in the

phase destruction method of detecting the 0 f--0 resonance.

The spin echo techniques of Hahn, using a 1800 pulse to

alleviate the dephasing action of an inhomogeneous magnetic field

on an assemblage of freely processing atoms have been successively

employed on optically oriented vapors for the first time in this

investigation. The extension of spin echo methods by a series of

1800 pulses as developed by Carr and Purcell to maintain free pro-

cession phase relations in an inhomogeneous magnetic field when the

atoms are diffusing in a medium has also been used with success in

the case of a buffer gas.

The change in the transmitted intensity of e light

following a 1800 pulse is a measure of the orientation of the

assemblage. This technique has been used to obtain relative

values of orientation for vapors in cells coated with different

materials, and hence some measure of the T1 relaxation time, al-

though the relationship is non-linear.

Using a weak beam of T + light in the plane of free pre-

cession induced by a pulse of rf, the T2 relaxation time can be

measured by observing the decay of the modulation envelope. A few

experiments of this nature on wall coated bulbs were made in collab-

oration with P.L. Bender of the National Bureau of Standards.

D. Pulsed Optical Radiation

This was accomplished satisfactorily by turning on and

off the discharge tube excitation as described in Section III A.

It is desirable to do this since the absorption of optical resonance

radiation is a potent relaxing agent and can contribute to the line
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breadth of the hyperfine resonance and to the destruction of the

phase relations in a coherent superposition state produced by an

rf pulse. It is thus necessary to interrupt the light absorption

during an interval of free precession E greater than several times
-g

the optical pumping time constant r (See Section III).

Another advantage of cutting off the light during the sen-

sitive time for the action of the microwave hyperfine resonance is

the avoidance of possible shifts in the hyperfine resonance fre-

quency induced by an asynetry in the spectral distribution of the

light, as discussed in Section II D.

E. Theoretical Formulation

The manner of describing optical pumping presented in Sec-

tion II A provides a convenient formalism in which the effects of

several kinds of optical pumping acting simultaneously is readily

absessed.

The derivation of the stochastic equations from the

differontial equations under certain conditions should be emphasized,

since the use of stochastic equations has sometimes been criticized.(15)

Explicit incorporation into the optical pumping formalism

of relaxtion based on decoupling of the electron and nuclear and

randomzation of the electron spin is new, as are the computer so-

lutions for some cases given in Appendix E. One consequence of the

above relaxation assumption for ground state relaxation is a crossing

of some of integral curves giving the populations as a function of

time. The existence of such effects could be looked for experiment-

ally by pulsed resonances between states in a strong magnetic field
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to investigate the reality of the assumption.

The use of the density matrix formulation, along

with absorption operators and effective oscillator strengths has

proved to be a technique lending clarity to complex situations.

Another powerful technique is the application of rotation operators

to describe the effect of pulsed rf fields.

F. Recommendations for Further Research

A number of directions for further study are mentioned at

various points in the preceding exposition, particularly in Sections

III, IV, and V. Some of them are emphasized here.

1. Using improved instrumentation, as discussed in

Sections III D and IV A and IV B, more information

should be obtained on hyperfine line widths achiev-

able with time intervals of - 100 milliseconds be-

tween 900 pulses, which one knows are possible from

T2 measurements. It seems that approximately 1 cpe

line widths should be possible.

2. The method of coherently pulsing the microwave ra-

diation at the beginning and end of the active inter-

val between pulses should be investigated as a means

of artificially narrowing the line through sacrifice

of the large signal in favor of selecting the longer

lived atoms. Such a technique could be used with the

selective hyperfine absorption method of detection

also, cutting the lights off to establish an active

time interval. The signals would not be as strong
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but they may be usable and the possibility should

be experimentally studied since the difficulties

with inhomogeneous magnetic fields and 60 cycle time

varying magnetic fields would not exist. The polar-

ization bridge discussed in Appendix B might also be

used as a detection technique in connection with the

coherently pulsed microwave resonance.

3. Further studies of alkylchlorosilane wall coatings

should be made, including another attempt to make

coatings from the higher alkyl groups, which may

have been unsuccessful because of poor technique.

Measurements of relaxation times should be made

directly by observing the decay after a 1800 pulse

on an oriented system with a pulsed light source,

after the method of Franzen, but using the electronic

methods devised in this investigation. Circuits were

built for just this purpose but there was not time to

use them. More T2 studies of the type described should

be made on the same bulbs at some later time to deter-

mine the existance of long term deterioration of the

coatings. This also should be done for the hyperfine

resonance characteristics: line width and shift.

Information about the amount of absorption of

alkali atoms by the wall coatings could be gained by

a radioactive tracer experiment. Marked improvement

in the surfaces should result from preparing them

under ultra-high vacuum conditions ('/0 A- " and

this should be explored.
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4. More computer solutions of the equations of optical

pumping dynamics should be obtained for various relax-

ation' conditions. Scue useful relations would be those

between the orientati6n and relaxation time in the ground

state, so as to make the method of 1800 pulses for meas-

uring relaxation times more meaningful." The detailed

manner in which the populations change in recovering

from a 180 pulse would also be interesting.

5. The method of populating the (2,0) state in excess of

the (1,0) state by means of J- 4 optical pumping followed

by an rf pulse at the Larmor frequency, or perhaps by

a cw field, should be explored in relation to the prob-

lam of making an optically pumped alkali hyperfine maser,

in particular for an atomic hydrogen 21 cm maser. Detailed

calculations for optical pumping with Lymane A radiation

in atomic hydrogen should be made. These are of par-

ticular interest because the interference terms (5)

will dominate, a discusasd in Section II A 1.
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APPENDIX A SELECTIVE HYPERFINE ABSORPTION

In the introduction (Section I) and in Section II B 2, this

method of optical detection is briefly described. Before the method

was demonstrated experimentally, as discussed in the introduction,

some detailed estimates of the magnitude of signals that could be

expected were made using an approximate treatment. The estimates

indicated that quite good signals could be achieved for transmission

monitoring. The calculations were made in such a way that they could

be applied to the polarization bridge described in Appendix B. The

method used and same numer-ical results .are presented here.

The complete problem of the dependence of the spectral com-

position of the light on the distance of penetration into the cell.

was not solved. A population distribution in the ground magnetic

substates resulting from optical pumping with Tr polarization was

assumed to exist uniformly throughout the cell (this assumption

would be quite realistic for pumping in a wall coated cell, as de-

scribed in Section II B 2, and is not too unrealistic if the change

in intensity of the light as it passes through the cell is not large.)

Twice as large an inverted population difference between the m = 0
F

states results from this type of optical pumping as compared with

the use of o- polarized light.

The ten hyperfine components of the D lines are displayed in

Figures 9(a) and 9(b) along with their oscillator strengths. The

effective oscillator strengths introduced in Section II B to describe

the absorption of light will differ from the intrinsic oscillator

strengths in the aligned state produced by the 7r optical pumping.
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The m =0 states do not contribute equally for all the ten lines
F

shown, and an equalization of their populations by a microwave

field causes a selective hyperfine absorption which changes the

overall transmission of the light. Furthermore the T and TT

components are affected differently, this being of importance for

the action of the polarization bridge described in Appendix B.

The effect of 7 pumping with both D lines in the presence

of relaxation had not been calculated before, so an approximate

solution of the optical pumping equations given in Section II A 6

was obtained for the case F' T = 1, with I the completely uniform

relaxation matrix, by using the stochastic approach of Section II

A 7.

If one takes P T- 1, the differential equation becomes

Since the convergence of successive applications of the stochastic

matrix is rapid, we have approximated N (0 ) by

/J' (2)

*, ! v/ -

.01 before resonance

S 3 - 0 after resonance

,Lii +Z

..
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The effective f-values before and after resonanle may now be calculated.

For each frequency, the intensity per unit frequency obeys

the equation

dX V -10(3)

where n'number of Rb atoms per cm3

x = distance of penetration into cell

The solution for a single frequency is

7()

where

2~-VZ.7Cr-7

The other notation is given in Sections II A and II B.

The transmittance k is found by integrating over frequency

fr. Y, -,?7. 5k = ____- V 5

r o)J dvl J

Such integrals can be evaluated by a series expansion. We will

express k in such a way that tabulated values of an integral

given by Ladenburg and Levy (104) can be used. We shall assume

that the incident line is Gaussian in shape with a breadth e d

considerably greater than 4;V . Then
0
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-e

k =  r'J, - JT o): / - 4 [-/ O . e . ]J ,
o e

The function()

x &)o 7 a, ;

I~ ~ # I I e 11 
.i

is the one tabulated. If 0( is large enough o inaY nsgle6t the

change in e_' in the above integral to Obtain

A. 0; XO S ,kIr

,~... / (8

0(

If more than Ooe absorption line occurs within the breadth of the

incident line, additional term of the above form must be subtracted.

For the overlapping lines (e,f,g) and (hij) one can find the

total cross-section by a graphical addition of Gaussian shapes for

each line. An eact graphical integration could then be performed.
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Only the first graphic construction was don% approximating the

result by a Gaussian line and using the above analytical method

of calculation.

From a plot of the function ri a xS(nax) one may readily

obtain the transmittances and the changes in these on resonance

for given values of n, x, T. and Q(.

There is a maximum value for n determined by the hyper-

fine line width a 70one wants and by the Rb-Rb exchange cross-

section T which determines the relaxation time T.

v 7" (9)

Now

so that
(11)

Va-

For a velocity "f" corresponding to a temperature of 2980 K and an

exchange cross-section - 10-13 om2 , the maximim estimate
(1)

of earlier work,

9
PL - 6 / (12)

The following table gives values of transmittances before and

after resonance for both C- and T7- polarizations for the

values n = 5 x 10 IO , x = 5 am, 0( = 4.

The function n O xS (n 7* x) exhibits saturation, that is,

its derivative decreases monotonically to zero, so that there is a



Hyperfine
Line Transmittance k

Before After

Resonance Resonance

7 .948 .948

.94 .942

7 .794 .789

a?" .791 .788

7r .742 .737
a+b

L .735 .730

.775 .779
c

.800 .802

.818 .818

f 782 .787

.'/ r .593 .597

f .582 .589

f V .632 .629

O. .634 .629

.522 .523
hij

.522 .524

Change in Transmittarices at Resonance for the Ilyprfine Lines.
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value of n T x giving a madmum change in the transmittance k on

resonance. Graphical analysis shows that the maximun is rather

broad and occurs for n T..x.-2.

Signal to Noise Considerations

Using the value of k and d k obtained above one

can calculate the signal expected in either a transmission or a

scattering detection arranent. An unavoidable source of noise

is associated with the random emission of photons from the lamp

-- the "photon shot noise".

If the number of photons per second passing through the

gas call and falling on a phtocathode is k and the quantum ef-

ficiency of the photo-cathode is q, the signal in the electron

stream coming off the photocathode is

Signal - q 1 6 k electrons per second

Fluctuations in the electron stream due to the random arrival of

photons will contribute noise for a band width of one cycle per

second given by

Noise - q_ electrons per second

Thus we obtain

SIN -I (13)

It is assumed here that the noise in the dark current is less than

the photon shot noise. For infra-red sensitive cathodes the dark

current is high at roam temperature because of the low work function.

For S-1 (Cs -0-Ag) cathodes the dark current at room temperature is

10 - 9 amp/cm2 , which for q 1/250, a value typical for these cath-

odes, ( 10 5 ) corresponds to a photon flux density of _ 1012 photons/sec.cm.
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The absorption of an optical photon interrupts the hyperfine

resonance so that if one wishes lines no wider than 4 there is

an upper limit to the intensity of the light source, given by
00

If the spectral width of the light source is L J the maximum in-

tensity is approximately

T 7r A photons/sec-cm2  (15)

For the values = 30 cps, 4i =10 cps, f - 1 (T-pumping,

equal peak intensities of the D lines) one obtains the value

.Z. ", /0 * photons/sec-cm2

The preceding tabulation shows that for 77 radiation k = 0.6 and

, k - 7 x 10 - 4. If the effective area of the gas cell is-l02 cm2

one finds for this maximum intensity

S/N ^,-' 5 x: 103

This figure could be improved still further by filtering of the

hyperfine components before they are incident on the gas cell. An

estimate can be obtained from the table but a more accurate calcula-

tion requires a knowledge of the equilibrium distribution N under

the influence of hyperfine pumping which can be obtained as described

in Section II.

Of course there will be sources of correlated noise depending

on the method of exciting the light source, which are difficult to



DOPPLER WIDTH
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Rb 8 Rb8 Rbe Rb T?
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Rb a Rb:P Rb5 ORbe?

h
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260 2460

D2 LINE

RELATIVE HYPERFINE STRUCTURE OF
RUBIDIUM ISOTOPES

FIG. 24
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estimate, and the subsequent amplifiers will introduce some noise,

but the above analysis yields a feeling for the ideal performance.

As mentioned in the introduction an excellent filter cell

relies on a shift in the hyperfine components of Rb8 5 as compared

87with Rb . This is shown in Figure 24 which is adapted from work

of Kopfermann and Kr~er (106) on the optical hyperfine splittings

and uses hyperfine splittings measured by Rabi and Senitzky(70)

using atomic beam and resonance techniques. The figure is approx-

imately to scale for both frequencies and oscillator strengths

and displays the absorption Doppler width. Figures 9 (a) and 9 (b),

should be consulted also for more details of the hyperfine com-

ponents. The suppression to be expected, upon passage through a

Rb8 5 cell, of the hyperfine components of Rb8 7 arising from the

F - 2 level with respect to those arising from the F - 1 level is

readily apparent.

Detailed numerical estimates of the signal to be expected

using such a Rb8 5 filter cell were not made since the method was

not explored experimentally at Princeton. Although other groups

have used the technique, as discussed in the introduction, with
(19,20)

considerable success, some numerica-I calculations should be

made in order to assess the experimental performance in relation

to what might be ideally expected.

APPENDIX B POLARIZATION BRIDGE

A method of detecting optically the 0-, 0 hyperfine res-

onance as a signal imposed on a null background uses a small prob-

ing beam of light, linearly polarized at 450 to the axis of quan-

tization of the system (taken here as the s-axis) which is passed
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through a second polarimer oriented at 900 to the direction of

polarization to block the light entering a photo detector. The

action of a microwave field equalizing the population of the two

m = 0 levels causes the 77" and " components into which the 450F

linearly polarized beam may be decomposed to be absorbed different-

ly. The second polarizer no longer blocks the light and a signal

appears.

An analysis using the calculus of Mueller (1 7) to describe

the effect of imperfect polarizers and the gas cell on the trans-

mission of light was carried out. It revealed the necessity of

cooling to dry ice temperatures the S-i photo cathode used for

detecting the rubidium D lines in order that the dark current not

mask the signal. Even by doing this, the analysis revealed that

the method was inferior to the phase destruction technique which

was therefore carried out in preference.

The manner of the analysis is useful in other situations

involving imperfect polarizers and will therefore be summarized

here.

A beam of light can be described by four parameters, as was

first done by Stokes, which give full information on the intensity

and state of polarization. In modern notation these are linear

combinations of the elements of the density matrix, the basis vectors

for which are two orthogonal states of polarization. It is usual

to choose these basic vectors as TF and 9- polarizations, and this

will be done here, but T and Q states are often used. These

matters are discussed in many places in the literature. (108)
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Stokes Parameters = (1); Density Matrix S/ (2)

ol (C1 c;> average

Electric Vector = C, + C &

where A, = A, e
c.= Ae

Relations between descriptions:

~L

A, - Af,,-/ , - A, -A

V LG af,, ) A# A A ( )

Passage of the beam of light through many optical mystems

can be described as a transformation of one set of Stokes parameters

into another set. The Mueller matrix of this transformation acts on

the four Stokes paramaters regarded as a four coaponent vector S.

s = M s (6)

A polarizer is characterized by transmittances k1 and k2 in

two perpendular principal directions which are defined exactly as
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the transmittance in Appendix A. There may also be a relative

phase retardation between beams polarized in the principal

directions. If the Stokes parameters are defined with respect

to the y and z directions, x being the direction of propagation,

the Mueller matrix M (e) for a polarizer whose 2-axis has been

rotated by an angle e from the z-axis, in a positive direction

about the x-axis, is

D C/-D 2. (Pe I~'2 (Pc2 i-S'tt IeCdD
t

where

S = (kI + k2 )
D = (k 1 -k2)

S2= p2 + D

For two identical polarizers rotated by an angle e with

respect to each other the transmittance ke for unpolarized light,

having Stokes vector

S= [0
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is given by

-_ SI+ D _2e

e ? +

The Land Polaroid Company defines
2 2

kI + k2

(9)

H0oo =k 90 0 ki k2

and one has

* ~~*'~+ (10)

For good extinction it is clearly desirable to have a very small

value of k2 .

The gas cell has principal tranamittances k. and k. , and

one can probably neglect any relative phase retardation since the

absorption lines are Doppler broadened, resulting in the absorption

taking place effectively always at the center of the natural line

where there is no phase shift. A more careful analysis may reveal

some relative phase Shift, but it will be taken to be zero for

the present discussion. The transmittance of the system of gas cell

between nearly crossed polarizers (departing from this condition by

the angle ) for initially unpolarized light is given by the 1,1

element of the product matrix
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M Alei

The result is

which becomes for small angles f , noting that 1/

Using the values of A k.- and A , resulting from saturating

the microwave resonance, given in Appendix A, one may compute the

signal for the case of 77" optical pumping.

Dry ice temperatures are sufficient to reduce the dark current

of an S-1 cathode ( I 09 ) from 10 - 9 amp/cm2 at room temperature of 10-16

amp/cm2 and this would be needed for small angles 9 , as a numerical

analysis shows.

APPENDIX C ARTIFICIAL NARROWING OF A RESONANCE BY SEPARATED

COHERENT PULSES

Although the phase distruction method of optical detec-

tion for the 0<--,0 hyperfine resonance is well suited for narrowing

the resonance beyond the limit ordinarily set by relaxation processes,
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as discussed in the introduction, Section I A, the effect was not

actually demonstrated experimentally because of same non-inherent

experimental difficulties and limitations of time, as discussed in

Sections III D and IV B. For this reason, a detailed analysis of

the effect will not be given.
(110)

The proposal of Professor N.F. Ramsey to narrow atomic

and nuclear beam resonances by using spatially separated oscillatory

field regions to perform transitions by two coherently phased pulses

is well known and has been very successful for atomic beam frequency

standards. Line narrowing could also be accomplished by having

the oscillatory field act continuously for a longer time, but in

atomic beams there are practical experimental difficulties with

establishing a long region of uniform do m4getic field and uniform

phase of the oscillatory field.

When there is relaxation during the observation interval,

for example atom-atom collisions, which badly perturb the phase

of the wave-functions describing the two levels in question, or

optical decay from the levels if they are excited states and

such transitions are possible, the resonance line width is normal-

ly determined by the characteristic relaxation time. However,

it was pointed out by Professor R.H. Dicke in unpublished work that

resonances may be narrowed beyond the width set by the relaxation

time by the use of coherent pulse excitation, at the sacrifice of

signal strength. The demonstration by Ramer and Dicke( .11 that

lines can narrowed by increasing the gain of an amplifier to com-

pensate for the exponential decay in a signal following pulse ex-

citation is closely related to this effect. Recently an analysis
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for the case of optical decay in an atomic beam has been made by

(112)
Professor Vernon Hughes.

One may ask whether there is any improvement in the ability to

locate the center of a line, for although it is made narrower, the

signal to noise ratio becomes poorer. The net result, in an ideal

situation, is indeed a loss as the following analysis shows, but it

neglects certain things which will be mentioned below.

Let To be the characteristic relaxation time. Then the normal

line width is

AI

The ability to locate the center of the line depends of the signal

strength. If there are n electrons available during the observation
0

time, and the noise is purely from fluctuations, an effective line

width

462 (2)

is possible.

For the case of artificial narrowing by lengthening the inter-

val of observation to F

(3)

but the number of electrons available decreases exponentially

n = no e- /To (4)
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so that the effective line width 6;"becomes

T

It is apparent that the effective line width is greater if T is

appreciably greater than To.

The point to be made, however, is that other experimental

difficulties than purely statistical fluctuations determine the

precision with which the line center can be measured in many cases

and then it is often desirable to sacrifice a large signal in favor

of a narrower line.

Another point to be e.phasized for resonances detected in a

bottle using the phase destruction technique is that it is not nec-

essary to excite them with two pulses since the two 900 pulses de-

fine an active time interval for measurements. The difficulties

encountered in atomic beam devices concerning field and phase uni-

formity mentioned above do not occur in the gas cell. A factor of

approximately two can be gained by such double pulse excitation

however.

APPENDIX D TRANSITION PROBABILITIES; STOCHASTIC PUMPING AND

RELAXATION MATRICES

In Section II A 3 the matrix elements of a vector

operator which are required for the calculation of the transition

probabilities between hyperfine magnetic substates used in com-

puting optical pumping stochastic matrices are expressed in terms

of the modern notation using Wigner 3-j and 6-j symbols.(
1 3)
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These are given explicit form here and their relation to the more

usual notation of Condon and Shortley (114) is indicated.

The Wigner 3-J symbol is essentially the Wigner vector coup-

ling coefficient, or Clebsch-Gordon ooeffidit, Which servei to 'give

the appropriate linear combination of the direct product wave func-

tions of two definite angular momentum states in order that the

linear combination have a definite angular momentum, angular momenta

and / giving rise to resultant momenta /,-7,/,,, •

More symmetry is introduced by the definition

FFF '-I

40,, ) #-'

where the symbol S is the one used by Wigner for the

,r'.4, g-
Clebsch-Gordon coefficient.

The 6-j symbol is closely related to the equations (8) of

3
paragraph 11 of Condon and Shortley for the reduced matrix ele-

ments appearing in their equations (11) of paragraph 93 for matrix

elements of a "class T" operator, which is essentially a vector

operator. Among the important symmetries posessed by the 6-j sym-

bols are these:

1) The value is unchanged by the interchange of any two

columns

2) The value is unchanged by inverting any two columns

simultaneously

These properties make it possible to reduce any of the 6-j symbols

occuring in the calculation of the above matrix elements to one of
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four standard forms which are given by Wigner(113 ) and reproduced

here: ( J =l + J2 + J in these expressions)

I-, / I' = r){[( ; -: j; 2,( 4* Kir, (/ 7
INJ/ 1:12]

'I' 7 -,

, ,V/i.-) r2, 7/J1

I IF

(F 1)
The Wisner vector coupling coefficients S/, are given below:

_=, -I C)

IF 
.4.4)i)(FiF'- " (2F~)(2r .,) (2- ) V (4 .( F

F 12 F F,: 4 +(
7[t-,+, <, ., lf#,.., r ,-, 221F F,,>C '

~IF ' M I ,)(F ,j!( ,l,:" !(' ,( ,,
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The equations (11) in paragraph 93 of Condon and Shortley

give only the numerators of the above table which differ by a factor

)- when account is taken of the use of the standard elements of

the vector operator FpQ ) as given in Section II A 3. The denomina-

tort of the above Table must be used with the 6-J symbols to obtain

agreement with the Condon and Shortley formulation.

The sum rules given in Section II A 3 follow from the fact

that the Clebech-Gordon coefficients are the elements of a unitary

matrix, which is actually an orthogonal matrix since they are real.

This requires that

3 (F~. (3))~9~Q
J

or

S(4)

Some useful symmetries processed by the Wigner 3-J symbols

(113)
are

1) A cyclic permutation of entries (columns) does not change

the value

2) A non-cyclic permutation introduces the factor (_i)F + 1 + F'

3) a) Raising an index m changes the sign of m and in-

troduced the factor (-l) F-m

b) Lowering an index m changes the sign of m and intro-

duces the factor (-l)
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e.g. (a) (Fm, 1r, Finm ) = (-1 )F'
-m' (F, 1Y", F' m,)

(b) (Fm, 1 ,  ,) = ('l)F+m (F-,' l7', F'm)

The sum rule

T z = e,-,, ,7; (5)

requires the sum

0 F (6)

This is easily put into the form in which the sum can be made over

the first two indices, whose value is known from the orthogonality

relation4 by using the above symmetries, noting that the sign of

the 3-j symbols do not matter since they appear squared and that

the sign of an index which is sunned over both positive and neg-

ative values also does not matter. Thus

2O L , = (F1 ^
, J (7)

2 F-

A similar argument yields the second ea rule

(0.)~I - /"F0)L

Z 7 f A 27 (F# j ' =2,,)0T 4
'it , '(8)

- y

These are the sums for the transitions between a state F

and a state F'. If all accessible values of F' are included the

sum rule which follows from the orthogonality of the 6-j symbol

is needed(115)
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(9)
F'

The relative transition probabilities T C J do-
ik

fined in Section II A 3 are displayed in the following tables

(Table 5 and Table 6 ) for rubidium 87. The normalization chosen

for these tables is convenintly epressed in terms of the sum

rules of Section II A 3 as follows:

D Transitions:

8 for each T = -1, 0, +1 (10)

3 for each i = 1, 2 ..... 8 (11)

The second sum can be broken down in terms of the Ai intro-

duced in Sections II A 6 and II B 3

Z ,74 Ai (12)

2 =I (13)

2-A.1 (14)
4

D2 Transitions:

T /&7= 16 for each Cr -1,0,+i (15)

.T 6 for each 1 !,2,..8 (16)
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This breaks down into

, = 2 (18)

D2

Tk 4 4 -2 A (19)

The stochastic matrices used to describe the optical pump-

ing process, constructed from the transition probabilities as do-

scribed in Section II A 3, are given in Tables 7 through 12 for +,

7T , and 0 pumping, along with the diagonal elements of the absorp-

tion matrix A for Cr pumping.

Tables 13 and 14 give the stochastic relaution matrices R

which result from the randomization of the electronic angular momentum

leaving the nuclear spin ,,naffected. They may be computed by using

the Wigner vector cctilng coefficients (Clebsch-Gordon coefficients).

The calculations were carried out by John McLeod at Princeton.
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APPENDIX E OPTICAL PUMPING EQUATIONS; DIGITAL CPUTER SOLUTIONS

The equations given in Section II A 6 are only approximate in

that the excited state populations are neglected. Also they are

written for the population vector N (i.e. the diagonal elements of

the density matrix) rather than for the actual particle density vector

n N where n is the number of atoms per cm3 in the ground state. A

set of two coupled equations are presented here for the vectors n N

and n'N', where the primes denote the corresponding quantities in

the excited state. The explicit conditions under which these reduce

to equation (17) given in Section II A 6 are pointed out. That equa-

tion was derived by adding a rate to the basic transition probabilities

resulting from treating the resonance fluorescence as a single pro-

cess, as done by Hawkins and Dicke,(5) following Heitler,(25 ) when

the interference terms in the excited state are neglected. The

equations given here treat the resonance fluoresence as a process

of absorption and subsequent emission, treating the absorption as

an incoherent process.

The absorption, induced emission, and spontaneous decay terms

will be separately included. For the ground state populations one

obtains

dt L ~Q / / Absorption

A

47TcfN T Induced Emission (1)

4- . Z 4' h' Spontaneous Emission

- T"
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where Seoe7

so that

7- (2)

is a stochastic matrix. Except for the spontaneous decay time

S', which is defined below, the other notation is as given in

Section II, except that T ik is here taken as

(r))

with r

For the excited states populations the analogous equation is

it L A

77CInduced Emission (3

--4 Spontaneous Emission

where

A7
T ~

The quantity is the Einstein A coefficient. As was first

T(116)
shown by Ladenburg, the A coefficient is related to the oscil-

lator strength by the equation



F,3

'V (4)

where o is the decay constant for a radiation damped classical

dipole oscillator

~41, (5)

Since

( _ ,-(6)

we obtain

"Z- 3 c" .~
(7)

The induced emission term will be negligible with respect

to the other two terms under most excitation conditions, so that

in the steady state

77C N,,, 7 , ----T
dir

One may substitute this into the spontaneous emission term in the

equation for ground state populations to yield

7r 0 r N, TT' (9)
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This term is completely equivalent to

, (io)

where

and

=7 (12)

with

T(13)

This can be seen by summing each expression on j to yield

a V ?0 (14)

i~ .4,

It is convenient (and experimentally realistic) to let I

the same for all transitions of the ( a ) type

then N., 7r" C r " ' '

(0-) IV

-_f r ) 77"
V
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=#where AliA,

. ;. N T (16)

i

where the definition

A, = A., (17)

was used.

Then

P 7A, (18)

Using these last results and definitions, the absorption term in the

ground state equation becomes

With neglect of the induced emission term involving n', the ground

state equation becmnee

4 #' (19)

as given in Section II A 6.

That n'/n is indeed small can be seen by summing equation

(8) on k

-[ O 4 ')~ (20)
T, .4,v.jp< :o
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Where P Iis defined by

A7 (21)

Thus

.. ,r= ,,(22)

Since Z'< one has '/n < < 1.

In vector form one may write equation (8) as

0' N =T (23)

where To) is the matrix with elements T 
ce)

Using equation (20) one has

,," /v' T -(0.) r- /V
C-11. (24)c~i

Relaxation terms could be included in the equations given

here exactly as done in Section II A 6 by introducing relaxation

stochastic matrices and characteristic times. For example, col-

lisions in the excited state would require a term

which should be retained along with the pumping term and the

spontaneous emission term. Since RIk is stochastic, the relation
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between n and n' as expressed in equation (20) is not affected.

The relation (23) between N and N' is changed and becomes

T'WW - (26)

The spontaneous decay term in the ground state equation becomes

in vector form

_N 7--IV' T (27)
,-- 7*' "-2 ° >

which becomes, in terms of N

p "' k/r ff*) . ,. c8
7- 7- '9.

p~..J p,,T , i )U T V0%t( (28)

If one defines

TI

f (29)

then

7- (30)

and one needs to consider the matrix

-p(31)

If R is the completely uniform stochastic relaxation matrix

with elements Rlk = const. (const. = 1/8 for 2 P states and 1/16 for

2 P3/2 states)
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Then

/ (32)

since R2 = R.

The spontaneous emission term now separates into a sum of

two terms

*~ - .66

The matrices

T7 - A_ (34)

and

U(.,
'- T " 7- " - A(')
Vt "-. - _ (35)

are just those introduced in Section II A 4, to describe relaxation

effects. If R is not uniform, R2  R and such a simple decomp-

osition is not possible, but the rapid convergence of higher powers

of R can be utilized.

The density matrix describing the intensity and polarization

of the emitted light as a function of angle can be readily obtained

as a weighted sum of the density matrices r given in Section II

A 3. The number of photons per second emitted in a transition of

the type ( C" ) is

h. , Z/v- ' N' (36)
.4:f
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Each of these transitions gives rise to a photon described by the

density matrix . The resulting density matrix (times the

intensity) is

Z: h (37)

which may be simplified by defining an effective oscillator strength

then

As in the ground state, one can write

el 1 (39)

and express this in terms of a density matrix for the excited

state and an operator A?

- 1 (40)

A' can be expressed in terms of the angular momentum F' and a

change in the direction of the axis of quantization can be handled

as described in Section II B 3. Excited state resonances could then

be described conveniently as rotations of higher spin systems, which

will lead to variations of f with time and a consequent mod-

ulation of the scattered light whose dependence on direction and

polarization is given by equation (38). The experiments of Series( 1 7)

on "light beats" seem to be closely related to this effect.
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Re-radiation of the light into a cone around the forward direction

can contribute to the transmission detection signal if the acceptance

angle of the optical arrangement following the gas cell is large. The

foregoing analysis affords a means of calculating this effect, but no

numerical estimates have been made for the geometries of the present

experiment. Experimentally, the difference between a small and a large

collecting cone can be seen by comparing the response to rf pulses in

the two cases. Figure 18(a) was taken with a small acceptance angle

and the top of the pulse is quite sharp. The response to pulses in

Figures 21 through 23 were obtained with a large collecting cone and

they display a rounded top. This is just what one expects from a quali-

tative analysis. It is possible that such effects contributed to the

small signals obtained with pure D pumping and detection mentioned in2

Section IV D 2, for the acceptance cone was large in those experiments.

Application of the foregoing analysis to an experiment in which

light is collected in several directions and polarizations simultaneously

to provide a number of signals could be expected to lead to a more

detailed understanding of the dynamics of optical pumping. The analogy

with the scattering experiments of nuclear physics is very suggestive

for interesting investigations.
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Digital CoEnter Solutions

A program for numerical integration of the eight simultaneous

first order differential equations describing the time development

of the ground state populations for rubidium 87 was prepared for an

IM 650 digital computer, by adapting an existing program to provide

solutions for any set of values for the four parameters ( x, , ql., q2 )

_- = fraction of D1 pumping

I7- = ratio of characteristic pump-
ing time to characteristic

ground state relaxation time

-"- where VI = excited state
T'+ T" decay time

T'= excited state
relaxation time

as defined in Section II A 8 for a- pumping. A program for

automatic plotting of the solutions was written for use with a

digital plotting board at the Forrestal Research Center. Most of

the programming was done by Mr. Robert Fuller. The solutions pre-

dicting crossing of the populations were obtained by Mr. Michael

Menke.

Particular interest centered in pure D2 7 pumping under

various relaxation conditions, partial mixing in the excited states,

the effect of the non-uniform relaxation stochastic matrix obtained

from randomizing electronic states, and combined D1 and D2 pumping.
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The integral curves are presented in the following Figures 25

through 31. The numbering of states is that given in Section II

A 2.

The curves for Dl " pumping should be compared with those

obtained byFranzen and Emslie. (14)

Attention should be called to:

1) The prediction of the crossing of populations of the (1,1)

and (2,1) states for D, T" pumping when the electron relax-

ation matrix is used. This could be checked by using pulse

techniques to invert the populations for various delay times,

observing whether the optical absorption signal changes sign.

2) The populating of state (1,1) above that of states (2,2)

and (2,-2) for D2 Cr- pumping with 7'--T' is interesting.

For T' = a state (2,2) dominates while for T' = 0,

state (2,-2) dominates.

3) The orientation with combined D and D2 T pumping with no

excited state relaxation (wall coated bulb) is about the

same as that for pure DI V- + pumping with no excited

state relaxation although it is achieved more rapidly.

This is shown by comparison with curves obtained by Franzen and

Emslie (Second Quarterly Report under Contract No. DA-36-

039 SC 73143 with the U.S. Army Signal Research and

Development Laboratory, July, 1957) for the case 1/ r T = 1.

One difference is the computed populations is the two
+

situations is that N > N for D 1 pumping while
7 3 1 N

N 4 N for combined D and D Q + pumping.
7 3 i 2



E-13

+

4) The orientation predicted for D0 (T pumping when

electron relaxation is assumed (Fig. 25) is much larger

than that predicted by Franzen and Emlie assuming uniform

relaxation.
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ERRATA

Page 11-45, line 17: The word "lends" should be changed to !'leads."

111-4, line 26: The word "on" should be changed to "as."

111-8, line 2: The word "dehydrogen" should be changed to "dihydrogen."

line 22: The words "a little" should be changed to "as little."

111-30, line 16: The word "presented" should be changed to "prevented."

111-45, line 7: The word "forused" should be changed to "focused."

IV-6, lines 4 & 11: The illegible symbol should be V.

line '0: The word "while" should be inserted between the words
"resonance" and "using."

IV-11, line 27: The words "the under" should be transposed.

IV-12, line 23: The word "of" should be changed to "by" in the phrase
"...light of an oriented..."

V-2, line 19: The word "by" should be deleted.

V-5, line 20: The word "spins" should be inserted between "nuclear"
and "and."

line 24: The word "the" should be inserted between the words "of"
and "integral."

V-6, line 25: The words "optical pumping" should be inserted before
the word "lights."

A--6, line 11: The word "phtocathode" should be changed to "photocathode."

B-5, line 12: The words "of 10- 16 '' should be replaced by "to 10-16. ''

C-I, line 25: The word "be" should be inserted before the word "narrowed."

D-4, line 19: A comma should be inserted after the word "included."
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